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Why Total Performance. 

j :.: _ 

N. WATANABE ‘. .’ : .‘. “ 

National Laboratory for High Energy Physics 
l- 1 Ohd, Tsukub.abshi; Ib.araki 305 Japan _ 

ABSTRACT 
The importance of total 
entire system for neutron’ 
using existing instruments. 

performance and, consequently, 
scattering experiments is discussed 

total optimization, -of the 
in terms of two examples 

I. INTRODUCI’ION ’ 

Why is total performance important? The reason is very clear: the quality of neutron 
scattering data or scientic information obtained depends exactly. ‘on the “total 
performance of -the entire- system, including the accelerator, neutron source, neutron 
transport line, instrument (itself), sample environment, data taking and analysis 
system. Thus;. total optimization.. becomes indispensably important. Even though a great 
deal of effort to optimize each component has been made, -total optimization has not yet 
been well established. 

First, let us list up what components have to be considered. Table I summerizes main 
components with their importance, on total performance. 

The accelerator system is the,’ most expensive and important component of a spaliation 
neutron facility and, in some cases, is shared with other facilities, such as the Japanese 
Hadron Project.. . An accel,erator system used for a ,,puIsed_ neutron source can be 
characterized by the time-averaged proton-beam power, P; pulse width, zp; and 

repetition frequency, f, although it is often graded only by- 5. -The figure of merit of an 
accelerator, FOMacc s is really expressed at the epithermal neuton region, such as 

FOMacc = P, within certain limits of f and 2. In the cold neutron region, however, the. 
proton-beam power per pu-lse becomes much more- important (discussed later) and, 
FOMacc = p/f. Although zp is important, as. far as a synchrotron or, a compresso.r ring. is. 
concerned, it is usually sufficiently short even for epithermal neutrons. It becomes 
important only when the macroscopic pulses from a proton linac are directly utilized. 
The siability,‘ of: the proton ‘beam or the reliability of an accelerator system is, of course, 
another important .factor regarding the performance: the long-term duty cycle is 
strongly dependent on both the beam-break time and the shortened target life (beam 
time loss for a target exchange). 

The performance of ,.a neutron source is mainly determined by the target, moderator as 
well as coupling between them.. The choice of a target material is most important: non- 
fissile (non actinide heavy metal), non-enriched (usually depleted) or enriched 
uranium. Although the neutron yield from these three are roughly 1:2:5, the fast- 
neutron background caused by delayed neutrons becomes much more severe than this 
order. There is strong limitation in the choice of target and moderator materials which 

depends on F. The target life also depends on F. 
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Table I Main Components of neutron facility with their importance on total performance 

Components Choice/parameters Importance on lolal performance 

Accelerator 

Proton-bum injection rchcne 

~epctition frequency (f) 

Plf 
Pulse width (7,) 
Stability and reliability 

Horiaont~l/vertic81 

Proton-berm delivery scheme To ringlchnulti TMRA’(r) (or 

Target Materi (non-fissilc, dcplctcd 

Target-moderator coupling Wing or nux-uap 

Moderator 
for cold neutrons Material (liq. Hz. supercritical 

for thermal neutrons 

for epithcrmal neutrons 

Moderator/reflector coupling 

Reflector 

Hz, m at 20K 
w 100 K. eu) with/without prcmodcrator. size 
(thickness). flat or grovcd 
Mataial (H20. Cb II 1OOK. liq. Hz, UC). size 

md poisoning 
Material (mostly 1120). size 

Coupled or decoupled 

Mataial (depends on moderator, coupling scheme 
utd neutron energy used) 

Targct/modcr~tor/rcflector 
assembly (TMRA) 

Target station 

Number (single or multi,.dedicated to wld neutron 
source. thermrl/epithermrl neutron source. etc.) 

Number (single or multi) 

Beam collimator block 
inside void vessel (space) With/without 

in bulk shield Beam size. careful alignment 

Guide Matcrial (NNi. 58Ni. super minor. dc.) 

Length 

Background suppercssion 
chopper 

Monochromrting chopper 

Ove&p rupperrrion chopper 

Spectrometer 

Special sample environment 

Layout in surrounding 
instruments 

Experimental Hall 

Data taking system 

Data analysis technique 

Time-averaged proton-beam current 8,) Q powa (F) 

target station(s)) 

U. enriched U) 

Distance between swrcc and inlet of the guide 

Air gap on b& side of tail cullcr 

Stopping power 
Riswp time, distance from the sourc.c 

Chopper pulse width. disunce Iran the source 

Sample position 
Analyzer andlor detector 

To be discussed elsewhere 

Avairablc spree 

Size 

To be discussed elsewhere 

Total aeutro~l yield 
Bandwidth of t~eutraa wvelcngth 
Bspecially important for cold newron experiments 
Important mly when long pulse from linx is directly used 
Target life, long-term duty cycle 

Determiner target-moderator coupling (wing/fltur~P) 
Total numbs of oanron beams 

Efficiency of proton-bum utilization and total facility gain 

Neuuat yield, delayed neutrcxt background 

Slow newm immsity. Nut&z of nemrm bums 
Fast neutrm lukagc 

Fast-to-cold neutrm convasioll efficiency 

Pulse characteristics 

Intensity and pulse width (redolotion) 

Intensity and pulse width (resolution) 

Slow neutron intensity, pulse width (resolution) 

Slow ncutmn intmsity. pulse. width (resolution) 
Shielding 

Numba of neutron beams totally wainblc. More efticicnt 
proton bum utili?.atlm. Futher optimization for uch TMRA. 

Number of ncutrm bms totally rvGmblc. More efficient 
proton tirn utilia~tlon, Father optimization for uch TMRA. 

Minimize background caused by high-energy neutrons and 
delayed neutrms when it exists 

Best compromiution bctwccn beam-intensity and 
background 

Tnnsmittmcc and emlttaacc. Bum size. 
Useful bandwidth of neutron. resolution. space for 
instruments 

Bum xccpunce 

Tr~nrmirrion loss 

Background level 
Maximum incident neutron energy 

Energy resolution 

Bandwidth 

Incidem neutron solid angle (intensity) and resolution 
Resolution and detector/analyzer solid angle (detection 
efficiency) 

Minimum incident flight path length for high intensity 
requirement 
Muimum flight path length fa scattered nemrons 
(resolution limit) 

Maximum total flight path length (resolution) 
Total number of instruments 
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There are several choices available for each component; 
target station, 

For example, 
one must decide which is the better: 

regarding the 

injection; 
horizontal or vertical proton 

decoupled 
a wing or flux-trap geometry in the targetimoderator coupling; coupled or 

moderators; 
assmblies (TMRA’s); 

how many target stations.. or target-moderator-reflector 
what is the optimal proton-beam 

combination of moderators .with different characteristics; 
delivery scheme; what 
and what neutron-beam 

allocation are the optimal .for various kinds of experiments. All of those should be 
considered on the basis of total performance. However, it’ is not easy to totally optimize 
so many components. When we construct a new facility: or improve an existing one, we 
first have to establish a philosophy, a fundamental concept and a strategy under give 
boundary conditions. A preliminary thought of this kind concering JHP is given in 
ref. ‘1. 

In our experience, the --size of the experimental 
components. A finite size, hall., limits various 
There are very many components to be optimized 
existing instruments, only some parts have been 
section two existing instruments as examples of 
has been totally optimized or not. 

hall is one of the most important 
possibilities for higher performance. 
totally, as listed in table I. In the 
optimized. We discuss in the next 
how- to consider whether something 

II. EXAMPLES ON TOTAL PERFPRMANCE 

The first example is a case which is favourable for KENS: i.e., the case of LAM-80ET, 
which has been fairly well totally optimized for high-resolution spectroscopy in the 
low-energy transfer range. The various parameters of this instrument are listed in 
Table II and are compared with those of IRIS, a corresponding instrument at ISIS. This 
table is a modified version of that which appears in ref. 4. LAM-80ET has large 
analyzer mirrors comprising small mica crystals; recently, IRIS has also been equipped 
with a new analyzer system comprising the mica crystals5) Although the number of 
fast neutrons produced at the KENS target is only l/34 of that at ISIS, the total gain or 
the performance (resolution and data rate) is almost the same as shown in the table and 
Fig. 1697). The higher efficiency of LAM-80ET is mainly due. to a higher conversion 
efficiencv (from fast-to-cold neutrons) of the KENS solid methane moderator and larger 
solid angle of the analvzer mirrors. The advantages of L-AM-80ET. over IRIS are a better 
signal-to-background ratio and 3 larger enerpv window due to a lower renetition rate 

of neutron pulses (relatively large p/f, in KENS (20 Hz). Note that the cold neutron 
intensity per pulse in KENS is almost the same as that in ISIS (see Table II). The energy 
window in IRIS is about +300 peV with Ef _ 0.832 eV (the 004 reflection of mica crystal), 

and a full repetition rate of 50 Hz;~) the corresponding value for LAM-80ET is about 
+lOOO, -500 peV. The energy window of 300 peV is just sufficient for measuring the 
tunneling spectrum in the above example; when a larger energy window is essential, 
however, 50 Hz is two high, and thinned out repetition using a chopper becomes 
indispensable while, of course, sacrificing intensity. Futhermore, LAM-80ET can 
simultaneously be used to measure different spectra with different Ef’s by different 
reflections of mica crystal (006, 008,....). This increases the range of the Q-o space 
simultaneously accessible with LAM-80ET. As a consequence, the relative gain of LAM- 
80ET to IRIS is effectively larger than the value listed in the table. However, there still 
exists an important mismatch in LAM-80ET: the instrument has a neutron guide, the 
cross section of which is 5 x 3 cm2 in the first 3.5 m and 5 x 2 cm2 in ‘the succeeding 
part, and has no super mirror converging guide as is used in IRIS. If we were to have a 
similar guide as that used in IRIS (5 x 5 cm2 guide and super mirror converging guide), 
we could expect an additional gain of about 2.8. 

The next example is a case which is not favourable for KENS; i.e. the chopper 
spectrometer, INC, in KENS. Figure 2 shows time-of-flight (TOF) and energy spectra 
from a YbN sample at room temperature measured on INC, compared with the 
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Table II Comparison of the various parameters between LAM-80ET and IRIS 
Relative gain 

Componets IRIS of LAM-80IX LAM-80ET 

Proton txam Energy (tviev) 

Time-avcmged current @A) 

Protons per pulse 
Rcpctition rate (Hz) 

Fast neutron yield 

Fast neutrons per pulse 
Moderator 

Conversion effkiency from 
fast to cold neutrons 
(ret-&e values) 
Cold neutrons per pulse 
(relative values) 
Bandwidth AX (A) 

Emgy window (WV) 

(with the 004 n&cIion of mica) 

Guide tube pin 

(rehtivc value) 

Analywminor (mica) 

Refkaitity (rclrtivc value.) 

Solid angle (rclntive value) 

750 

100 

1.3x1013 
50 

1.72~101~ 

3.4x1014 
Liquid H2 at 25K 

(decoupled) 

1 

1 

2 

it300 

1 

l/34.4 

1113.6 

8 

111.7 

(4) 
(3.3) 

1n.a 

1 

9 

500 

5 

1.56~1012 
20 

5x1014 

25x1013 
Solid methane at 20K 
(decoupled) 

8 
Energy transfer (WV) 

111.7 

8 
+1ooo 

-500 

X2.8 

1 

9 

Total gain 0.75 

Overall energy 

resolution QteV) 
(with the 004 mica reflection) 4.2 5.6 

Fig. 1 Tunneling spectra of N-oxy y-picoline measured 
on LAM-80ET (upper) and IRIS (lower) with 
Ef=0.832 peV using the 004 reflection of mica 
crystals in analyzer system. 



Fig. 2 TOF -(left) and energy (right) spectra from YbN sample measured ‘on INC (upper) 
and MAR1 (lower). Many peaks in the TOF spectrum measured on MARI are the 
sprious except for those -appear between 4-6 msec. 

MDERATOR 

Fig. 3 

VOID IRON SHIELDING . CONCRETE 
SHIELDING 

Model target station used for the 
calculation of dose equivalent rate. 

102 

100 

10-2 

10-4 

: I; 

10-e ’ ’ b ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ ’ I 

-40 -20 0 20 ._ 40 

r (cm) 

Fig. 4 Calculated dose equivalent 
rate at the exit of neutron beam 
hole: solid/dashed curves refer 
to without/with auxiliary iron 
block of 50 cm thick. 
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corresponding --spectra from the same samp1.e on MARI, a high-resolution chopper 

spectrometer in ISIS, by the same. experimenter. 13) INC can provide almost the same 
data rate, with : a,bout a lo-times better. signal-to-backpround ratio. but with much DOOR 

. 
enerev-resolution in a lower energy transfer range (20 - 30 meV); ;as in this case. We 
think that the better signal-to-background ratio in INC is due to better beam 
collimation in the bulk shield with a minimum void space between the sauce and inner 
iron-collimator-block, as well as a lower repetition. The leakage :of fast neutrons from 
-a neutron-beam-hole is especially, enhanced i.n the case that a large void space exists 
between the target and bulk shield. We performed a calculation on the dose equivalent 
rate, .mainly concerning .high-energy and fast neutrons, at, the_ outer, surface of the 
bulk shield around the neutron beam hole. High-energy neutrons produce fast 
neutrons and, eventually, epithermal neutrons when they are stopped. Therefore, the 
dose equivalent rate is a good measure of fast-neutron contamination in a slow 
neutron-beam. A model target station is shown in Fig. 3.9) Figure 4 shows the 
calculated results. The dose equivalent rate is very high in the case. of a void space with 
a=1 m. If we put an auxiliary iron block of only 50 cm thick inside the void vessel (as 
shown in Fig. 3), it is possible to decrease the dose equivalent rate by one order of 
magnitude, as shown by the dashed curve in Fig. 4. We actually.. experienced a higher 
background in various spectrometers when the previous tungsten target was replaced 
by the present depleted-uranium ~type. We overcame this by i,nserting a narrower 
beam collimator, stacked iron and B4C picture frames (as used in -ISIS) into the beam 
hole. The size of the aperture at the inner end of the collimator’ (about. 1.7 m from the 
moderator) is 8 x 8 cm, which is smaller than ,the previous size (10 x ‘1.0. cm2), Although 
the new collimator slightly limits. the moderator viewed surface, the._ reduction in beam 
intensity is less than 10 %. We succeeded in reducing the background by one order of 
magnitude by this method. Note that even though the distance between the target and 
first iron shielding block in the present .KENS’ facility is only 0.35 m, (just reflector 
thickness), loose collimation resulted in a serious .‘background problem. This means 
that the existence of a large void soace between target and the inner surface of iron 
shielding makes the background problem more difficult, 

INC has no burst (to) chopper. The large background at a smaller TOF is due to the lack 
of such a chopper; INC data shows the importance of a burst chopper. 

The energy-resolution of INC is about 1.5-times as large as that of MARI, if INC views 
the same moderator as MARI, since INC has shorter flight-path lengths (about 1/1.5)for 
incident and scattered neutrons. To our regret, INC views a room-temperature 
moderator without poisoning, causing .the greatest mismatch for INC, especially when 
the incident neutron energy is below 100 meV. The observed resolution (full width at 
half maximum) is much greater than the above value due to the longer pulse width of 
thermal neutrons from the room-temperture moderator. The longer exhonential die- 
away tail of a thermal neutron pulse is the worst, making it ‘difficult to characterize the 
inelastic scattering peak in this example. In the energy-transfer -range’ (as in this 
example) the energy resolution of LAM-D in KENS -is much better than INC. The 
resolution is the most important in a chopper spectrometer. If we could install INC at a 
beam hole viewing the solid methane moderator, it could provide much better data in 
this energy range. At the epithermal neutron region, however, INC is , .of cause, 
reasonablly good: although it has almost the same data rate as dose MARI, it has 1.5- 
times the relaxed resolution. The soacial limitation is another imoortant disadvantage 
for INC. The flight-path length for scattered neutrons at higher angles is only 
since we were not allowed to dig a large hole in the floor to install a larger 
chamber, and there was no enough space for a horizontal detector arrangement 
the existing instruments on. both sides. 

1.3 m, 
detector 
due to 

III. CONCLUSION 

642 



As a conclusion we emphasize that there are verv manv mismatchs ,when we consider 
the total performance; in other words, there is still much room for imorovements. 
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Q(R.Pynn): What is the Ad/d for mica? What is this matched to- the full width of the pulse from the moderator or the 
leading edge of pulse? At what energy have the matching been done? Have you thought about other analyzer. 
crystals for LAM-80, such as silicon? 

A(N.Watanabe): We have no data on Ad/d of mica crystal. I think AEf/Ef in LAM-8OET using 002 reflection of mica 
is mainly~determined by a finite angular uncertainty between sample and analyzer crystal (lcm x lcm) rather than 
Ad/d of mica itself. 

C(W.G.Williams): Optimization is a usefulconcept but in practical situations we are always concerned with 
compromise. IRIS at ISIS is a good example. It does not need a 50 Hz source. 
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ABSTRACT 
:’ ‘ ” . 

. 

,We discu.ss the performance of chopper spectrometers at pulsed neutron sources, 
with. particular reference to results from MARI, HET and INC. Finally. we 
suggestoptimized ,parameters for,several options on the performance. 

_’ , , 
1 ,. ” . . . 

Introduction 
_ .’ 

The Standard Spectrometer for .a Pulsed Neutron Source 
c. ). 

In a direct geometry spectrometer on a pulsed neutron source the incident 
neutron energy is monochromatized by a mechanical fermi chopper phased to the 
source. This is the natural type of...spectrometer for inelastic scattering, on a pulse 
neutron source. ,The wide. dynamical range.in Q-E space gi,ves a unique. opportunity 
for new science as we have shown in another report in this volumer). ; 

The overall performance of a chopper spectrometer on a pulsed neutron source 
requires the optimization of many aspects of its performance -- intensity, resolution,- 
background, an,gular coverage, dynamic range. etc. -- within the_constraints imposed 
by the nature of?he source.(current,, frequency etc..); the target/moderator system 
(material, coupling, geometry etc.), the beam line components available and the ’ 
source geometry. 

At present HET and MAR1 at the ISIS facility of Rutherford Appleton 
Laboratory in UK, LRMECS and HRMECS at the IPNS facility of Argonne National 
Laboratory in USA and INC at the KENS facility of National Laboratory for High 
Energy Physics in Japan are fully operational. The design parameters for these 
spectrometers are summarized in Table I . In this report we will give an overview of 
the performance of these spectrometers and concentrate on HET, MAR1 and INC, 
which have almost identical chopper systems, to discuss practical aspects of their 
performance and problems. We also give some suggestions for future optimizations. 

Proton Moderator Flux at moderator Moderator Chopper Ll +L3 Scattering L2 AE/E Intensity lntlASI Normlized 
Current Target (nleV.sr.lOOcm2.s) Area Transmiss (cm) Angle (cm) at Sample (Counting by MARI 
(uA) factor (‘lOOcm42) (nlcmA2/s rate) 

MARI 100 1 3.00E+12 0.64 0.0 1170 30-l 350 400 1.0% 2244 1.40 1 .oo 
HET 100 1 3.60E+12 0.64 0.8 1170 30-70 400 1 .O% 2693 1.66 1.20 

go-29 250 4.31 3.07 
134O-136” 400 1.66 1.20 

INC 3 2 2.16Etll 0.64 0.6 620 50-40° 250 1.5% 493 0.79 0.56 
400-l 300 130 2.92 2.08 

LRMEc6 14 2 l.O1E+12 0.64 0.8 683 3O-1 20° 250 2.0% 4425 7.08 5.05 
14 2 1 .Ol E+12 0.64 0.8 1385 3”- 400 1 .O% 538 0.34 0.24 

Table I Current performance of chopper spectrometers. The calculation is for epithermal region. 
Intensify at Sample =Flux.Mode’Mode.Area’Chop.Trans’AE/(Ll+L3)A2 
InvAn = hItensily at Sample I L2A2 
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Mbd 

Background 
Sdppression 
Chopper 

- diagram of a chopper 
Fig. 1 Schematic 

spectyometer. 

1.2. Outline of a Chopper Spectrometer 
‘. 

The structure of a chopper spectrometer is shown in Fig.l. Neutrons starting at 
time to at a moderator are monochromatized by a fermi chopper at distance L1 which 
is phased to the neutron burst time. Fast neutrons are cut out by a background 
suppression chopper at .arr upstream position. The incident neutron spectrum is 
monitored by Ml, the monochromatized spectrum by M2 and the transmitted 
spectrum by M3. As the only moving components in the spectrometer are the 
choppers, enormous detector arrays can be easily arranged around the sample 
covering a wide mnge of scattering angles. 

2. Energy Reso,lution’ : ,. 

2.1. conventional Expression for the Resolution 

The,resolution depends on the time width of the. moderator pulse Atm, the time- 
width of the chopper opening At& and the flight path lengths Ll,L2 .and Lg. A 
.detailed ,derivation of the monochromatized pulse shape is given fully in reference 
(2). Hotiever it is q&e helpful to illustrate the essence of the resolution for the 
present discussion. _ 

The asymmetric moderator pulse shape can be described.by a slowing down and 
storage components). Propagating neutrons are transmitted through the chopper, 
when the energy (the slope in the Time-Length diagram in Fig. 2 is appropriate for 
the chopper opening at Ll. The chopper opening time width isvery short ( typically 
a few j_ts ), giving a pin-hole camera effect in the time-length space. This reverses the 
image of the moderator pulse shape at the detecting point. 

The actual pulse shape is obtained by the velocity integration of the, various 
neutron energies which pass through the chopper. The calculation is achieved by a 
convolution of the moderator pulse function and chopper opening function. However 
in most cases the .following equation 4.5) gives a reasonable -estimate for the energy and 
momentum resolution esaecially in the siowing down region above the Maxwellian. 

). 
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-.Scatt&ing -. Fig. 2 ‘. Pin-hole camera. 
effect on the pulse shape in time- 
length space. 

0 Time of Flight 

Ll +L3 
$ = t12R1tl +‘ L2 (l-i-3/2] }2 + (2R2[1 + 2 (1-:~“2 ]}21’i2 . (I) 

1 

& 2mEi Ei 
e =j-@ { 4~f AcD2 )112 (2) 

,where Rl =&hltch, R2=Atilich 

*. 

I”” de*. &-‘a 256. Ll= L2- ,“. ’ 130 70 “,‘_ - 
Ll-‘720. I.& 250. l3- 100 .___-_._ _ 
Ll=lOoO. L2= 400. u= 170 ______ _ 

oL”““c’a’n’a 
0 0.2 0.4 0.6 0.6 1 

hw/E 

The moderator time width is 
described approximately by At, 

[l_ts]-1.8 /d E[eV] in ;; 
slowing down region. 
resolution matching, the 
chopper opening time Atch 
should be matched to the Atm. 
The length L1 and L2 are the 
dominant components for the 
overall energy resolution. 
Figure 3 shows the calculated 
energy resolution of the 
LRMECS, INC and MAR1 
spectrometers. 

Fig. 3 Calculated energy 
resolution from eq. (1). Circles are 
the observation. 

2.2. Moderator Characteristics and Time Structure 

The moderator characteristics are very important for the performance of a 
spectrometer at a pulsed neutron-source. The time structure of,the moderator pulse is 
directly reflected in the resolution of the spectrometer. The calculated time widths 
for several moderators are shown in Fig. 4 6). The deviation from the straight lme 
described by Atm [ ps ] -1.8 /d-reflects the contribution of the storage 
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Fig. 4 Predicted FWHM 
of the moderator p@e shape 
as a function of energy. 

Fig. 5 (a) Transmitted pulse shape at the downstream monitor M3 for Ei=6OmeV. The line is a 
fit. <T, chopper opening time width; A, amplitude, other parameter’s notation is the same as ref.3). 
(b) Expected moderator pulse shape at the moderator surface. 
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component. A poisoned or cooled moderator maintains good resolution in the low 
energy region by sacrificing some intensity. 

Here we estimated the moderator pulse shape from the observed pulse, shape at 
the downstream monitor M3 shown in Fig. 5 (a). A deconvolution with a chopper 
window function (similar to a Gaussian) gives us a rough estimate of the moderator 
characteristics as shown. in Fig. 5 (b). The MARI moderator is liquid ClQ at 1OOK 
poisoned at 2.25cm depth. The HET moderator is ambient, Hz0 poisoned at l&m 
depth. The’INC -moderator is ambient non-poisoned H20r The’ difference in 
poisoning has an enormous effect on the .pulse shape and the resolution of the 
spectrometer. 

2.3. Observed Resolution 

In the epithermal region, the moderator pulse shape is dominated by the slowing 
down component. The pulse shape is close to symmetric so the observed pulsed shape 
gives a direct measure of the resolution of a spectrometer. Fig. 6 (a) shows the 
observation of spin waves in the one dimensional antiferromagnet KFeS2 on MARI 
and the estimated energy resolution is plotted as circles’.in Fig. 3. The agreement 
between the observation and the calculation is good for various incident energies and 
we can see that the simple resolution equation (1) gives us a reasonable estimate of the 
resolution. 

x1 0 ‘TITLL t Ib” Icold-Cd Rt ,O..” ‘008. “1RI_D 
L 

-2, c , I . , I 

100 110 120 120 140 lS0 I‘0 110 1.0 190 200 

sn.rqy tran*1*r Cl-L2 I=*vl 
r2rL.r : Yb" (foid-Cd IIT IOm*V ‘OOPI WARI_D 

Fig. 6 (a) Spin wave excitation peak of : 
lD-antiferromagnet KFeS2 with Ei=300meV. 
(b) Comparison of the energy resolution at the 

; 

elastic peak for Ei=80meV measured on YbN. 
II 
* 

Intensity was normalized at the peak. (c) 
Comparison at the inelastic region on YbN 

i 
; 

Ei=80meV. Intensity is normalized per r 
detector solid angle. : n 

i 
: 

When the incident energy is lower than the epitherrnal-Maxwellian cross-over 
energy, the storage component becomes the dominant part, and the moderator pulse 
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width increases rapidly as seen ,in Fig, 4,‘. This effect is.ClearKy shown ,in Fig. 6 (b) and 
(c) observed on the :crystal’ field excitation, oE:YbN, with.the incideht *energy of 
80meV. The energy resolution is three times worse for INC than MAR1 at this 
energy, although only 50% worse at epithermal region. I : -. : ” 

The need for good resolution is illustrated by problems taken from the both 
-extremes of theseinstruments energy range: At the low energy-end, Fig, 7 (a) shows 
the spectrum of Tm:YBa2Cu30i taken with Eie20meV on MARI. The. line’,width of 
the. crystal. field excitatidns was followed using the FWHM resolution. of about 
300peV - with a 8OpeV leading edge ! At ,high energy; HET required the SOmeV 
resolution available at 2.14eV to observe the full interimultiplet spectrum of Tm up 
to 1776meV, Fig. 7 (b). This high resolution has been, crucial in enabling a wide 
range of science to be tackled by these spectrometers. 

11 12 l3 14 15 16.. ’ 400 600 BOO 1000 1200 1400 .1600 1800 2000 
Energy hr!afer [mVl hid GneVl 

Fig. 7 (a> Measurement on Tm:YBa2Cu307 with Ei=20meV on MARI. (b) Measurement on 
Tm with Ei=214OmeV on IST. 

3. Intensity : 

From a practical point of view we should design. a spectrometer to have 
reasonable intensity at the sample position. In Table I we estimated the neutron flux at 
the sample position from the calculated neutron flux at the moderator .surface 
@o(E)6), .t.he moderator area M, chopper transmissioii T, flight path length Li,L2 and 
L3 arid the designed resolution AE. We obtain a value at the stiple position close to 
observation for HET, MARI and INC by-using the following equations). 

Intensity at sample(E)=Gj-,(E)*M*T*AE/(L1+L3)2 (3) -. 

-The flux at the sample is more or less similar among the spectrometers ( several 
thousands neutrons/cmz/s). This value is one order of magnitude smaller than that of 
the typical inelastic instrument in ILL. However a large number of detectors 
surroutiding .the sample can compensate the counting rate and. provide one-day 
experiments as a typical measurement. The flux at the sample can be rapidly 
increased by a small relaxation in the energy resolution, so the optimization of the 
spectrometer performance is important. For example INC has 50% worse resolution 
than that of P&RI; However the estimated counting+ate per Solid angle is only 50% 
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of that of MARI in spite of the large difference in proton current (30 times). This was 
confirmed by the measurement on YbN as shown in Fig. 6 (c) . 

4. Angular Coverage 

Chopper spectrometers naturally lend themselves to wide angular coverage.. The 
only difficulty is the cost of detectors ! In Fig. -8 we show the observable Q-E space 
for these spectrometers. HET has a very limited angular coverage both at the small 
(3” - 7”) and the high angle (134” - 136”), whereasMARI (3” - 135”), INC (5” 7 130’) 
and LRMECS (3” Y 120’) have a very wide angle coverage. An important feature of 
MARI and LRMECS is their equi-resolution over the angular range. INC has 

Fig. 8 Accessible 
space for Ei=200meV. 
shaded area is for the 
4m detector bank. 

0 5 10 15 20 
Q l/Angslrom 

heterogeneous resolution from 40” to 135”. The wide angular coverage gives a full 
S(Q,E) measurement in one experiment, which is especially important to understand 
the dynamics and structure of non-crystalline materials. ‘From our experience the 
equi-resolution angular coverage is very important in most experiments. Even when 
the scientific interest is concentrated at small angles as in magnetic scattering the 
phonon contribution can onIy be estimated from data at higher angles. If the energy 
resolution varied across the angular range this estimation would not work properly. 
Figure 9 shows the phonon contribution estimated from the high angle data under the 
magnetic scattering on CeCu2Si2 on HET. 

TITLE : cecu2512 2OK 6OmeV SOOHr 29621~s 

n 0. 

i 0. A 
: 
I 0. 
m 

c 0. 

t 

: 

i O. 
: 

cecu2512 20K 6OmcV 500tir 2962~s 

0.3 

0.1 

0 

Energy transfer El-E2 (mcv) 

energy transfer El-E2 CmeV) 

Fig. 9 Estimation of the magnetic scattering of CeCu2Si2 at small angles after subtraction of the 
phonon contribution using high angel data. 
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5. Background 

5.1. Delayed Neutron B ackg-round 

.There are contradictory requirements in the choice of target material. Fissile 
material such as uranium produces twice as many neutrons as a non-fissile target such 
as tungsten or tantalum. However the accompanied delayed neutron background 
causes a lot of trouble in the data analysis and sometimes reduces the data quality. 
Figure 10 shows the observed data on g-SiO2 from MARI .with Ta and U targets 
under otherwise identical conditions. Here the data are normalized to an accumulated 
proton current of 1OmAhrs.. The signal was twice as intense with the U-target, but the 
background level was 30 times higher. ( The background level for the Ta-target is 
about 0.1 count/min/detector. This value is close to the ideal intrinsic noise level for 
-sHe detectors. ) The backgrourrd level depends on the fast neutron cross-section of the 
sample, so that a simple subtraction of the empty cell data is not appropriate. 

: 
:1oolloo 

MARI g-Si02 

:: 

L 

+ Observed data 

Estimated Background 

Fig, JO Comparison of the background 
from g-Si02 on MAR1 with a U-target and Ta- 
target under otherwise identical conditions. 

.Fig li Modulated delayed neutron 
ba&round and estimated correction. 

The central dip for the U-target is due to the 
background suppression chopper. 

The modulated structure in the delayed neutron background depends on the 
chopper conditions such as frequency, phase and attenuating structure. Such a 
modulated background can be subtracted by averaging the long time background as 
shown in Fig.1 1. The background was averaged by folding the data in the long time 
region with the chopper periodicity of 1666.7~s (6OOHz). The complete subtraction 
is difficult and sometimes the quality of low intensity data is diminished. The 
modulated background does not affect high energy excitation data, because the 
scattered intensity is concentrated in a small time-of-flight region. For low energy 
transfer measurements, however;the scattered intensity is spread over a wide range 
of time-of-flight and the signal- can become comparable to the delayed neutron 
background. To some level we can diminish the delayed neutron background by 
a careful design of the collimator system. However since this background is a sample 
born background, it is difficult to avoid if we chose fissile material for the target. 

In Fig.12 we compare the data for the same sample of YbN at MA&I and INC. 
The signal-to-background (S/N) ratio is ten times.worse in MARL After taking into 
account the difference of the accelerator duty cycle (20Hz for INC and 50Hz for 
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MARI), the factor is still four, which may be attributable to differences of 
collimation system, or to reflector differences between KENS and ISIS. 

Fig. 12 Comparison of the data from the same sample of YbN for (a ) INC and (b) MARI. 

5.2. Background Suppression Chopper 

A key device for these instruments is a background suppression chopper. HET 
and MARI are effective to energies over 2eV, whereas LRMECS, HRMECS and IMC 
without a background suppression chopper are restricted to less than -500meV due to 
the high background for many problems. 

5.3. Spectrometer Born Background 

Another background source is within the spectrometer itself where neutron can 
be scattered by internal components such as the sample cell, sample environment 
equipment, the vacuum chamber wall and the shielding around the sample itself. 
External background is’normally broad in time (Fig. ll), whereas multiply scattered 
background from ‘within the spectrometer can give very sharp ‘and intense spurious 
peaks. Figure 13 shows an early measurement of the crystal field excitation of 
Tm:YBa2Cu307 on MARI. The two peaks at higher energy transfer in Fig. 13 are the 
real excitation spectrum as shown in Fig. 7 (a). The first peak is spurious, produced 
by a multiple scattering from the flange of the cryostat above the sample. The elastic 
signal from the.sample was further scattered by the flange and came to the detectors at 
a later time-of-flight, thus imitating an inelastic signal. Such processes are now 
suppressed by a strategically placed low albedo surface. 

2s 
{ TmYBa2Cu307 EiF35meV MARI 

” 

spurious Peak 

. 

at higher energy transfer are 
the real excitations. The first 
peak is spY_u-ious. 
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. A second example,of. internal background is coherentsctittering from the thin 
aluminum membrane, situated downstream from the sample, which .separates the 
spectrometer vacuum -and sample vacuum. The baffle shields inlthe spectrometer 
-shadow some detectors from this scattering but this is ,ineffective at the small angle 
region. The-totaN%ghtpath of this diffracted background is longer,. again causing% 
to manifest -itself as. an apparent inelastic signal: It is present-.-in an ‘empty’ 
spectrometer run, but sample attenuation. make this effect difficult.. to. estimate 

_ quantitativcjly. : _= : ‘. : . . : 
/ -. II . : 

_I .’ .,. ‘, : I - : 

6. Conclusion 
: 

There are no absolute criteria for the optimization of the performance of a 
chopper spectrometer; but the following rules of thumb are appropriate: 

.. 

Intensity It is important to obtain reasonable statistics in oneday on a typical 
sample. On MAR1 5000 n/cm% should satisfy this criterion for a wide variety of 
science. From this starting position we tried to find optimized parameters for 
chopper spectrometers at other neutron sources, subject to typical geometrical 
constraints., i.e. L3/L1=0.15 and L2/(Ll+L3)70.4. 

In Table.11, “High Resolution ,Option” corresponds to this condition. The last 
two columns show the expected intensity per unit solid angle normalized to that of 
MARI . By relaxing the resolution a little, we can achieve the similar statistics in spite 
of the considerably different proton current, In the’ “High. Intensity. Option” by 
relaxing the resolution by 505, we can get 10 times higher intensity. The flux 
decreases proportionally to l/(length)3 but the resolution is proportional to l/length. 
Therefore a careful design of the parameters can compensate the performance 
greatly. 

.,. : 
Angular-Covera-ge: Continuous angular coverage with equi-energy-resolution 

has been found to be practically very important.. Even when the signal is concentrated 
at small angle, as with magnetic excitations, the high angle data with the same energy 
resolution is essential to estimate the non-magnetic contribution. 

Local ratio Grand ratio 

Proton Moderator Flux at moderator Moderator Chopper Ll L2 AWE Intensity IntlAil normlized normlized 

Current Factor (nleV.sr.lOOcm2.s) Area Transmiss (cm) (cm) at Sample by MARI by MAR1 

(UA) (‘100cmA2) (nlcm”2ls) 

High Resolution Option ( for Maximum Proton Current and U-target) 
MARI 200 1 &OOE+l2 0.64 0.6 969 145 388 1.0% 5000 3.33 1.00 1.00 
INC a 2 5.76E+ll 0.64 0.6 663 99 265 1 .5% 1500 2.13 0.64 0.64 
LRMECS 14 2 1.0lE+l2 0.64 0.6 726 109 290 1.4% 2000 2.37 0.71 0.71 

High intensity Option ( for Maximum Proton Current and U-target) 
MARf 200 1 6.00E+12 0.64 0.6 611 92 244 1 .6% 20000 33.51 1 .oo 10.07 
INC 8 2 5.76E+ll 0.64 0.6 444 67 I 78 2.3% 5000 15.65 0.47 4.76 
LRMEcS 14 2 l .ol E+12 0.64 0.8 425 64 170 2.4% 10000 34.64 1.03 10.41 

Low Backoround Option f for non-fissile taroet ) 
MAAI 200 0.5 3.00E+l2 0.64 0.6 a29 124 331 1.2% 4000 3.64 1 .oo 1.09 
ING a 1 2.aaE+t I 0.64 0.8 564 aa 233 1.7% 1100 2.02 0.55 0.61 

_LFtMEcS 14 0.5 2.62E+ll 0.64 0.8 558 a4 223 I .a% 1100 2.21 0.61 0.66 

Table II Some optimizations of a spectormeter for several options. 
Intensity at Sample (Ei) ~Flux.Mode’Mode.Area’Chop.Trans’aEI(Ll+L3)A2 
InUAfI = Intensity at Sample I L2”2. Constraint; L3R1~0.15 and L2/(Ll+L3)=0.4 
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Background: The background level is often dominated by the target material. 
The delayed neutron background can be critical in a direct-geometry inelastic 
spectrometer, but on the other hand a fissile target actually provides twice the 
intensity for diffractometers and other instruments without increasing their 
background significantly. So the choice of the target material for a facility is 
difficult. The last calculation in Table II the “Low Background Option (for non- 
fissile targets)” suggests that we obtain intensity by relaxing the resolution by small 
amount. It may be worthwhile to consider this option for a high intensity spallation 
neutron source, where the optimization of the target-moderator coupling with a non- 
fissile target give the system with long life-time and good reliability. 
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Q(R.Pynn): You mentioned many characteristics of spectrometers among which we have to choose in order to 
achieve total performance. Do you have any advice for us on how to make these choices? 

A(A.D.Taylor): No. This is too hard a question to answer in general. However it is important not to be frozen 
into inaction by the large number of the options available. Your fourier analysis is, however, a helpful guide. 
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CROPPER SPECTROMETERS AT PULSED NEUTRON SOURCE% 

J. M. Carpenter 
Intense Pulsed Neutron Source, Argonne National Laboratory, 
9700 South Cass Avenue, Argonne IL 60439 
and 
D. F. R. Mildner 
Center for Analytical Chemistry 
National Institute of Standards and Technology, 
Gaithersburg MD 20899 

ABSTRACT 

We examine the relationships between intensity and resolution in pulsed- 
source chopper spectrometers, including the effects of Soller collimation, 
narrower rotor slits and higher rotor speeds. The basis is a simplified 
description of a spectrometer, approximately optimizing the rotor pulse and 
lighthouse effects. The analysis includes a new treatment of the angular 
distribution transmitted through a.system consisting of a coarse collimator 
and a Soller collimator. The results encourage the prospect for a reasonably 
easily accomplished, higher resolution, optional configuration of the pulsed 

source chopper spectrometers-at IPNS-.. 

I. INTRODUCTION 

All three chopper spectrometers['] at IPNSt2] include Soller collimation 
between the incident beam monitor detector, which is immediately downstream from 
the chopper, and'the sample. This is primarily a shielding device which has 
little impact on the resolution or intensity of the instrument. 

Here we consider the Soller collimator as a device to narrow the angular 
distribution of the beam striking the sample, and thus to reduce that 
contribution (sometimes called the "lighthouse" or the "sweep time" effect) to 
the chopped-beam pulse width and to the resolution of the instrument. A similar 
effect can be obtained by narrowing the width of the slits in the chopper, though 
in this case the limit of what can be done approaches the pulse width due to the 
lighthouse effect. This can also be'accomplished by increasing the rotor angular 
speed as has been done at the HET and MAR1 spectrometers 131 at ISIS, but this 
would require major modifications to the rotor systems of the IPNS instruments. 
The object of this work is to examine the effects on the intensity and the 
resolution caused by adjusting the Soller collimation ,and the chopper slit width, 
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optimizing the combined effects under the constraints of fixed.rotor speed, rotor 
aperture, and moderator size. 

In the process we find it necessary to calculate the angular distribution of 
neutrons transmitted by two overlaid collimating systems, one coarse (defined by 
the widths and separation of the moderator, the rotor aperture and the sample) 

and one fine (defined by the Soller collimator). The present work complements 
that of Loong, Ikeda and Carpenter14] in this respect. 

II. Intensity and Resolution 

Figure 1 schematically represents the components of.the spectrometer. 

Throughout, it is assumed that the collimator is wider than the penumbra of the 
beam formed by the source and the chopper. The time-averaged number of neutrons 

passing through the system per unit time is 

I(E) = (2El/tl)i(E)CAafRfCAtR 

='2i,pi CAQfRfCvlAtRIL1, 

PULSED R 
SOURCE 

DETECTOR 

(1) 

SgLLER 
/ 

COLLIMATOR 
/ 

Figure 1: A schematic diagram of the time-of-flight chopper spectrometer on a 
pulsed neutron source. The pulsed source is the moderator of width WM. The 
chopper of radius R is located a distance L1 downstream and is rotating at an 
angular speed w; it has an aperture of width wR which includes numerous neutron- 
opaque slats of width tR, spaced dR apart. Located a further distance L' 
downstream is a Soller collimator of length LC .with numerous neutron-opaque slats 
of width tC, spaced,dC apart. The sample is located a distance L2 from the 

rotor, and the detector is a distance L3 from the sample. 

where i(E) is the time-averaged beam current per unit energy, that is, the number 
of neutrons per unit time, per unit energy, per unit solid angle, emitted from 
the entire moderator surface. 2El/tl is the Jacobian IdE/dtl. iepi = Ei(E) is 
approximately constant with respect to E in the epithermal region. CAQ is the 
solid angle accepted from an average point on the moderator surface, C is a 
factor which represents the fraction of the source area viewed, fR and fC are the 
fractions of the areas of the rotor aperture and the collimator that are open, 
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and &R-is the-,rotor pulge width for a_gerfectly.collimated. beam., The subscript 
1 refers to the beam from the moderator incident on the'chopperrotor. 1 

If there is no Soiler collimator, the accepted solid.angle is given by 

CALa.=.HRWR/L12,. . . , . ., (2) 

where HR and WR are the height and width of the chopper-aperture, an,d Ll is the 
distance between the source and the chopper centerline. The more general 
situation represented by Figure 1 is rather complicated. The.main,burden .of,this 
work is to analyze this case. 

Consider a Soiler collimator whose angular divergence'aC is given by 
I  ̂

. . 

q  = %/Lc, I : ’ ,;’ / (3) 

where dC is the width of the collimator slits of length LC. .Let the collimator 
divergence be very small, viz., ec << WM/L1 and ac << WR/Ll, where WM is the 
width .of the source'(moderator). The- accepted solid angle is now. 

AB = HRQ~/L~, (4) 

ancl the viewing factor is 

C = 'R"M if WR s WM 
1 if WR 2 W 

M’ (5) 

(See equation (A17) in the Appendix.) ‘. 

: The duration of the rotor pulse (the full width at.half-maximum in a 
perfectly collimated beam) for neutrons of optimum speed is 

AtR = dR/(2Ro), 

0 is where d, is the rotor slit width, R is the radius of the slit package, and 

the rotor angular speed. The fractions are 

fR = dR/(dR + t,), f, = d&d, + tC) (7 

where tR and t, are the thicknesses of the slats. 

1 t (8) 

(6) 

The energy transfer resolution (neglecting the effects of sample size, 
detector thickness, and time channel width) isI 

Qe 
.32 2 + (L2/L3)v2 1 Ot + 

+ (uq + L2)/L3)V2312UC2), (9) 

where m is the neutron mass, v1 and v2 are the incident and scattered neutron 

speeds, and oc2, at2, and aC2 are respectively the variances of the energy, 
transfer, moderator emission time and chopper pulse time distributions. L2 and 

L3 are the distances from the chopper to the sample, and from the sample to the 

detector, respectively. 
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In the epithermal regime, the standard deviation of the moderator emission 
time t is given by 

ot = 43/(avl), 

where a is the constant in the moderator emission time distribution r31, 

#(V,t) a tzeeavt. 

The chopper pulse variance is 

(10) 

(11) 

UC2 = UR2 + UL2, (12) 

where OR is the standard deviation of the (triangular) rotor pulse for neutrons 
of optimum speed in a perfectly collimated beam, 

OR2 = (At,j2/6. (13) 

uL is the contribution to the chopper pulse width due to the lighthouse effect, 

OL = OJW, (14) 

where (I~ is the standard deviation of the angular distribution of the neutrons 
transmitted through the system. 

It is shown in the Appendix that if there is no Soiler collimator, the 
angular acceptance is 

Ao = $0 f +1 

and the variance of the distribution is 

(15) ‘ 

QCX 
2 = ($02 + $12,/6, 

where 

(16) 

and 

$0 = (w&j + w,)/(2Ll) (17) 

$1' WM- I WJ / ml) . 

on the other hand, if the Soiler 
distribution, then 

(18) 

collimator completely determines the angular 

and 

Au = oc = dc/Lc (19) 

(I 2 = (A(xJ2/6 = cuC2/6, a! (20) 

where + and LC are the width and length 

The expressions for Acu and Ok for 
more complicated, and are set out below 

of the collimator slits. 

a partially illuminated collimator are 
and in the Appendix. The full width at 
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half maximum (FWHM) is used as the estimate of resolution. The relationship 
between the FWHM and the standard deviation of the distribution of any quantity q 
is given by Aq = J(81n2)oq = 2.350~ applies if q has a Gaussian distribution; we 
use this relationship even though it is only approximately true. 

111. APPROXIMATE OPTINIZATION 

The transmitted intensity is proportional to the product of the angular 
acceptance and 

Ia 

the rotor pulse width, 

(21) 

and the energy transfer resolution depends on the time and angular variances (see 
equations (9), (12) and (14)) 

Qe 
2 = A + B(oR2 t ga2/ti2). (221 

(We need not be explicit about the factors A and B here.) An approximate 
optimization results if we assume that the variances are related in identical 
proportion to the the full widths at half maximum, for example, as they are for 
triangular distributions (see equations (13) and (20), though neither of these is 
generally true). Then the greatest intensity for some given energy transfer 
resolution is attained when AtH = As/w, or 

QR = a,/o. (23) 

The calculations performed as an initial approximation and for survey 
purposes assume this relationship. To the extent that it is incorrect, the 
calculated intensity is smaller than could actually be obtained for the same 
resolution, therefore a second pass optimization has to be performed, using the 
more accurate relationships. If the Soller collimation completely determines the 
angular distribution, and the neutrons are of optimum speed for the rotor, the 
expressions (13) and (20) are exact, and the optimization equation (23) is also 
exact. 

IV. TNX ANGULAR DISTRIBUTION OF ACCNPTXD NXUTRONS 

The angular distribution of neutrons transmitted through a partially 
illuminated Soller collimator depends in'a complicated way upon the parameters of 
the system. However, ignoring the fine structure of the spatial and angular 
distribution, the angular distribution P($) can be expressed as 

where P,($) describes the angular distribution that would be transmitted through 
the rotor aperture from the moderator surface, and F,(4) describes the angular 
distribution that would be transmitted through a fully illuminated collimator 
slit which is assumed to be much smaller than the rotor aperture. Figure 2 
illustrates the distributions P($) I FH($), and FG(tj); these may be deduced from 
Figure A3 in the Appendix which shows the phase space diagram at the collimator 
center. 
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(+I. 

+- 

Figure 2: The angul.ar distribution ErP($J of neutrons transmitted through the 
rotor aperture from the moderator surface, and the angular distribution PC($) of 
neutrons that would be transmitted through a fully illuminated collimator slit. 
Their product P(G) gives the angular distribution of neutrons transmitted through 
a partially illuminated collimator. The results shown are' for the case Jll < q < 

JlOt and may be deduced from Figure-A3 in the Appendix. 

In the Appendix we develop an expression for the number of neutrons passing 
through the system per unit time (equation (l)).in terms of the distributions 
given by the approximation (271, and introduce the viewing factor C (equations 

(5) and (A17)). The results give 

1, 0 < II//l < $1 

P,($) = ($0 - l$l)/(~o - 511), $1 < IJll < $0 

0, Iti1 > $0, (28) 

and 

p$#) = ; -- IJli/ac, I 0 < l$I <“c 

I llj.> cyc. (29) 

There are several cases for P(g), depending upon the relative values of cut, 

+0r and $1. Figure 2 is for the case $11 < QC < $0. The angular acceptance and 
the.variance of the distribution are given by 

Acu = I _: P(Jl)d\t (30) 

and * 

-(I 2 = (l/Ao)j-_z $2P($)dlL. a . (31) 

For cut < Jll, we have 

ACM = cyc (32) 

ahd 

-IJ 2 = olc2/6. . a! (33) 
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For this condition,-'the expression (20.1, is exact; and the optimization equation 
(23) -is also exact for neutrons of optimum-speed for.the.rotor. .’ -. .- 

-For $1 -i QC < $6, : ‘_-. _ . 
- _. _’ 

‘; 
_‘.: ., : _: 

- .$l,Jlo :_ : ,- .’ ‘1.. ., ; __ ~, ‘, 

_ :-. : ‘. - ,;: ’ . 

and :. _’ ._ _. ‘, ;.: I.-. .- .._i : 

uo! 
2 = (2/Aaf($13(l13 - $1/(4cuC)) + Cl/hbo - $# [kc3 - $13,$,/3 

- (aC 4 - $14) (1 + $()lolC)/4 -+ (o!C5 - $ 5)/(5$YCJj,J. 
.1 

(35) 

For ac > fi6 ,’ ~ 
.., 

.. 
Acr = 2(ltl(l -i$1/(2arc) + (l/(.$6 - til,)r($(J -‘dgb+j 

: 

- MO2 - @I (1 + dq)/q+ + ($0 3 3. - $1 )/(3ofC)l1.# (36) 

and 

001 
2 

= (2/Aa) ($13(1/3 - ti1/(4cuC)) t.u/($o - +I)) r(tio3 - #13)$6/3 

- ($64 - .G14) (1 -+ $()/&/4 + ($65 - $15)/(5c#C)]]. I (37) 

No simple afalytic expre,ssions relating the angular acceptance Aa and the 
variance u, of the angular distribution'can be obtained for these last two 
conditions. 

In the limitof very large QC, equations (36) and (37) become the simple 
results already known for the case with no .Soller collimator, 

‘- ‘~Aol "$6 tJl1 .: ; ,; ,’ 
: .‘, .% : 

and /. .. 

:, : :: .I_ ._ _, 

V. Calculations 

’ : 
. . ..~ \ ;: (15) 

We have performed.several,calculations all 'of whieh.cqrrespond to-the flight 
path lengths .of the HRMECS instrument[l!.at .IFNS. The thic-kness o.f the 

coilimator b1ades.i.s neglected so-that fC =..l. -Table I shows .the cases 
calculated,- . 

. ‘. \ 
Cases; 1: and 2 conre-spond to current IPNS rotor teohnologyt13;- case i 

represents HRMECS-with a chopper similar to that15]. currently proposed.for the 

Los Ahamos Neutron Scattering Center (LANSCE) chopper spectrometer; ,case 4 is 'for 
HHMECS with a chopper similar to that of the HET'spectrometer at ISIS. All,.cases 

were computed with the approximate optimization condition (23) for small rotor 

slit spacings, for which a Soller collimator is appropriate for optimum 
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intensity. For larger rotor slit spacings, highest intensity demands no Soiler 
collimator, and the calculations do not include the effect of Soller collimation. 

Figure 3 illustrates the results of these calculations for case 1, that of 
the HRMECS instrument with a standard 3” x 4" rotor of radius 77 mm at a 
frequency of 270 Hz and an incident energy El of 500 meV. Shown in this Figure 
are the time-averaged neutron intensity I(E1) transmitted per unit time, the 
optimized collimation ac, the chopper pulse FWHM AtC (including the lighthouse 
effect, and given by equation (1211, the FWHM energy transfer resolution for 
elastic scattering Aeel, and the FWHM 

l-!RMECS mzl(Il’ FZO$F!!3 = 500 meV 

ROTOR FWkJS = 63.5 mm, Sl?iT Tl-iCXESS = 0,533 mm 
Pi 

: wm-lo~sOi.LER 

NOSOLLER 

‘-‘S-.q--Elastic Resolulion. AE,j , meV 
-‘-lnelaslic Resolution. AEI,,E,, meV 

B , I I I11111, I I I Illit- 

lo-’ 10” 
Rotor Slit Width, dR, mm 

Figure 3: The results of the optimized intensity calculations as a function of 
rotor slit width dR for the ERMECS instrument with a 3" x 4" rotor of radius 77 
mm at a frequency of 270 Hz and an incident energy El of 500 meV. Plotted are 
the time-averaged neutron intensity I(El) transmitted per unit time, the 
collimation ac the chopper pulse FWaM A+, the FWRM energy transfer resolution 
for elastic scattering Aeel, and the FWEM energy transfer resolution for loss of 
one-half the incident energy Ac(x,~~~). 

energy transfer resolution for loss of one-half the incident energy A~fl/~El), 
all plotted as functions of the rotor slit width dR. Also shown on Figure 3 are 
plotted points which correspond to calculations for the currently-used Soiler 
collimator of HRMECS, namely ac = 11.6 mrad, and for the rotor slit widths of the 
normal and high-resolution rotors without the optimization condition. As the 
rotor slit width approaches zero, the chopper pulse width approaches its limit 
At, defined by the lighthouse effect, the energy transfer resolutions approach 
their minimum values, but also the transmitted intensity approaches zero. For 
larger slit widths, all these values increase. 

662 



The specifications for different rotor types used in the calculations. 
WM is the moderator width, EI the ,incident energy, v the rotor frequency, R the 
rotor radius, WR and HR the width and height of the chopper aperture, dR the 
rotor slit width, and tR the rotor slat thickness. 

Rotor 
Case Type &d EI, meV v, Hz R, mm ERA 

1 IPNS 100. 500. 270. 63.5 76.2 

2 IPNS 100. 500. 270. 77.0 50.8 

3 LANSCE 100. 500. 600. 50.0 43.2 

4 ISIS 100. 500. 600. 50.0 47.0 

The other three cases of Table I give results 

101.6 1.02 0.533 

101.6 1.57 0.533 

66.0 0.80 0.660 

47.0 0.76 0.380 

which are similar in form to 
those shown in Figure 3, though the range over which the Soller collimation is 
required for the other cases depends on the rotor slit width dR. The relative 
intensities for each ease should be compared at fixed resolution. Figure 4 
represents the same data for case 1 as a function of the elastic energy transfer 
resolution to facilitate such a comparison. This is possible because the 
resolution and the rotor slit width are related monotonically. From such figures 
for each case we have generated Table II which shows the relative intensities at 
different energy transfer resolutions. 

to’ 
Elastic Enemv Transfer Resolution, AEel, meV 

Figure 4: The results of the optimized intensity calculations as a function of 
the elastic energy transfer resoltition Aeel for the fiREdECS instrumen t with a 3" x 
4" rotor of radius 77 mm at a frequency of 270 Hz and an incident energy of 500 
meV (similar to Fig&e 3). 
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TABLE II 

The relative intensities.at 500 meV (in units of lo4 .cmm2 set-') for the four 
different rotor types given in Table I for elastic energy.transfer resolutions of 
10, 12.5, 15 and 20 meV. 

Rotor 
TvPe Case 

1 IPNS 

2 IPNS 

3 LANSCE 

4 ISIS 

&l = 10 meV 

1.25 

0.84 

1.3 

1.3 

&?l = 12.5 meV al = 15 mev 

2:1 -. -3.4 

1.7 2.7 6.0 

2.0 2.8 4.2 

1.8 2.2 3.4 

he,1 = 20meV 

8.3 

Recognizing that the condition (23) is only approximate, we have searched 
for higher intensity conditions with fixed resolution. For example, Figure 5 
shows -the results for the 270 Hz rotor with-a 3"X 4" aperture (case 1) .for 
elastic resolution of 10. meV (2 %, of the incident energy for 500. mev incident 

energy), which is comparable to HET. The approximate optimization gives about 
the same intensity as the refined optimization, since the intensity varies rather 
slowly around the optimum. Various choices of CYC and dR that give the same 
resolution also give almost the same inten.sity. The intensity and the 
approximately optimized and refined parameters for this energy transfer 
resolution are given in Table III. The results for energy transfer resolutions 
of 12.5 and 15. meV for elastic scattering for the same rotor are given in Table 
III. The Figures from which these results are derived are similar in shape as 
those shown in Figure 5. For comparison, Table III also gives the intensity and 
the parameters for the present HRMECS arrangement, for which the elastic 
resolution is calculated to be about 20. meV. ’ (The calculated results for the 
present arrangement are close to observed values.) The Table also gives 
parameters for HRMECS with a 600 Hz rotor similar to that for the ISIS HET 
spectrometer, and with no Soiler collimator. All these results include the 
effect of the partial open area of rotor slit package, fR = dR/.(dR + t,). 

The intensity loss for 12.5 meV resolution compared to present rotor design 
is only about a factor of 3.5, which is now near1 

(6?_ 
compensated by the increased 

intensity available from the IPNS booster target The parameters appear to be 
feasible. The reason that the intensity loss is not greater is that the source 
pulse width, the rotor, and lighthouse contributions to the resolution are not 
perfectly optimized in the present HRMECS. The resolution improvement 
accomplishable by the present method is relatively easy compared to the 
alternative of replacing existing choppers with magnetic-bearing choppers. It 
requires only a new rotor and slitpackage of the same type now in use, and a new 
Soiler collimator. The new arrangement could easily be introduced as an option 
among other instrument configurations. 

Comparing the results of Figure 4 (for HRMFLS with a standard, 270 Hz rotor 
and optimized Soiler collimator) with those for HRMECS with an ISIS-style, 600 Hz 

rotor, we see that for the same resolutiqn, the standard rotor provides the same 
'or better intensity for given-resolution. Th.is is because the aperture of the 
standard rotor is larger than that of the ISIS rotor. This conclusion must be 
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IrAB&E.-III 
- : .“. 

The calculated transmitted intensity ItEI)_:a,t,an incident energy El of 500 meV 
and the rotor and collimator parameters (chopper pulse width AtC, rotor pulse 
width At,, rotor slit width dR and Soller collimation QC) for both the 
approximately optimized and the refined 'cases for the ,HRMECS rotor design (270 
Hz), optimized for different'energy transfer resolutions Aeel and Ael/zE1 with 
the HRMECS flight path arrangement; Also‘shown are the present arrangement for 
HFMECS, and that for the 600 & HET rotor with'the k&&S spectrometer design. 

Approx. 
opt.(l) 

Refined 
opt.(l) 

Approx. 
opt : _i 

:. 
Refined 
opt * * 

Approx. 
opt: 

Refined 
opt. 

.HEFwECS # 

With HET 
chopper*, 

Acel 
meV 

10.0 

10.0 

-12.5: 

. . . ‘. , 

12.5, 

15.0, 

15.0 

20.1 

9.3 

Ae1/2E1 
meV 

1 (El) 
n/set 

5.63 1.24 

5.63 1;29 

.i 6.76 
-1 

: 

6.76.-. 

2 . 31.. 
.,., 

'2.38 : 

7.92 

7'.92“ 

10.4 
-, 

5;34 

8.22. 

1.27 

dR 
nml - 

% 
mrad 

2.70 1.99 0.428 3.63 

2.19 0.473 3.15 

2.; ,5 6 
_. 

3L.47 1 -2 . 82, 

0.551, 

: ;. 
., 

0.606 
: -2.. _. 

0.671 
:- 

4,..93 :I .:. - 

.._’ . : 

I 

~ ::. _  

_.q . i i .  .:: : _  

., : . ,. 
: 

4.23 
'_ 

4.23 

3.12 .6,57 -. 

0.740 
1 

5..45' 
-_ _. 

: 
5.76' 
. 

11.6: 

2.49 

3.44 

4..73 

2.02 

1.02 

.0.760 

(1) corresponding to Figure 5 
# present arrangement 
* with no Soller collimator 
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Figure 5: The results of the more refined optimization for an elastic energy 
transfer resolution Aeel of 10.0 meV for the RRMECS 3” x 4” rotor of radius 77 mm 
at a frequency of 270 Hz with an incident energy El of 500 meV (similar to Figure 

3), showing the intensity I(E1) transmitted and the rotor slit width dR as a 
function of the collimation uc. 

tempered, however, by the realization that sample size contributions to the 
resolution are not accounted for in these comparisons; these are smaller in the 
case of the ISIS rotor, but can be focussed out for special conditions. 

Finally, we repeat that all calculations assume that the collimator open 
fraction fC = 1, that is, we have ignored the thickness of the collimator blades 
(thus we have avoided being specific about the length of the collimator and the 

width of the slits). In practice, we caution that this factor must be included 
in final design calculations; it can readily be introduced at the stage 
represented by Figure 5, as a factor on the intensity given there. 

VII. Conclusions 

We have further developed the relationships between the resolution and 
intensity for time-of-flight chopper spectrometers, including the effect of 
Soller collimation. The angular distribution is determined coarsely by the size 
of the moderator and the rotor aperture, together with the distance separating 

them, and is resolved finely by the Soller collimation. The placing of 
additional collimation between the chopper and the sample reduces the angular 
distribution of the beam striking the sample, and hence reduces the lighthouse 
contribution to the instrumental resolution. We have considered the effects of 
adjusting this collimation and the chopper slit width, assuming a fixed rotor 
speed, rotor aperture and moderator size, and have optimized the rotor pulse and 
the lighthouse effect for the best intensity. The transmitted intensity is 



proportional to the product of the angular acceptance and the rotor pulse width. 
The energy transfer resolution depends on the root of the sums of squares of the 
rotor pulse width and the lighthouse effect (the angular acceptance of the system 
divided by the rotor angular speed). The greatest intensity for some given 
energy transfer resolution occurs when these two quantities are equal. 

We have derived new expressions for the angular distribution of a beam 
formed by a coarse collimator system overlaid by a fine Soller collimator, 
assuming that the collimator slit width is much less than the widths of the 
moderator and the rotor aperture. Slightly different 'expressions are obtained 
depending on the relative sizes of the moderator and the rotor aperture. This 
distinction determines whether the collimator lies in the umbra of the beam (the 
source is fully observable through the rotor aperture), or whether the center-of 
the beam in penumbra (the source is partially obscured by the rotor aperture). 
We have considered the optimized conditions for no collimation present, for 
Soller collimation placed between the rotor and the sample, and when the 
collimation is only partially illuminated. We show that small rotor slit 
spacings require appropriate ;Soller collimation for optimum intensity, whereas 
for large rotor slit spacings the highest intensity requires no Soller 
collimation. 

VIII. APPENDIX 

The angular and spatial distribution of neutrons transmitted through a 
collimating system in two dimensions can be usefully described in terms of 
diagrams in the phase space consisting of the positions and directions of 
trajectories at their crossing of a reference screen, which will be placed at the 
collimator center. Figure Al illustrates the definitions of relevant 
quantities. A neutron which leaves from the point (z',#') in the source phase 
space, at a position z' in the source plane and in direction $' relative to-the 
reference axis, crosses a reference screen at a distance L along and normal to 
the reference axis of the beam at a point (z,#) in its phase space given by 

z = z’ + L#' 

ti = v (Al) 

Figure Al: A neutron leaves the source from a point (z*,#') in the source phase 
space, where e' is the.distance from the reference axis of the beam, and $' is 
the direction relative to that axis. The neutron traces a path whi'ch crosses a 



reference,screenplaced- a distance'L along:and normal to the reference axis at a 

point (z,$)-in the reference plane phase space,-such that z--'z' + I$' and $ = 

$'. 

.’ . . 

In the case under consideration, we need to describe the combined effect of 

a finite, isotropic source.' (the moderator), a finite aperture (the chopper), and 

a Soller collimator. Figure A2 shows the horizontal plane.,of the geometry of the 

collimation system considered in this paper. The reference screen is taken as 
the collimator centerline, and Figure A3 shows the corresponding phase space 
acceptance diagram. Everything is represented and calculated in the sense-of 
sma~ll~angle~apprdximations,~ and for the purpos-e .of this Appendix in.two 

dimensions. 
. 

The- areas inside the parallelograms are regions of the phase space that are 
illuminated by the source and accepted through the system.- The large shaded 

parallelogram where Pklz,$) = 1 represents the region illuminated‘by the finite 
source that is accepted through the rotor aperture, and the small, parallelograms 

where PC(z,ti) = 1 represent the'region that is accepted through the Soller 

collimator. Altogether, the region illuminated and accepted by the system 

depicted in Figure A2 is the region common to both the large and the small 
parallelograms. 

ROTOR 
APERTURE. 

Figure AJ?: A'schematic diagram of the horizontal plane of the geometry of the 

collimation system. The moderator has.a width WM. The-chopper has an aperture 

width WR and its centerline is located LL downstream. The Soller collimator of 

length LC has slits of .wddth dC_and slats of width tC, and its centerline is 

located a further distance L' beyond thezchopper. __ _ .. The reference screen for 

Figure A3 is taken..as the collimator centerline'. 

_ 

The lines i = (Ll + Lot/t + WM/2 represent the boundaries of the region in 
phase space illuminated by the moderator. ;'The lines z = L'$ 3 WR/2 represent the 
boundaries of the region transmitted by the rotor aperture. These lines cross at 

+ WR/2 =, LIJ' + WM/2. That is, 
,‘- . 

$0 = + CWpJ ‘+ WR) / mJ$ 
-. 

(17) 
.. . : 



and _ 

The lines z = + L&/2 + k/2 + n( 
dc; 

+ t,) represent the boundaries of the region 
in phase space transmitted by the n h collimator slit. For each collimator slit, 
these. lines cross at J, =tO and at I) = '2 ac = + dC/-LC (equation. (3)). 'An 

Over z for the.regioris depicted in -Figure A3 will gi've the integration 
distributions pk($), FC($) and P($) defined by equations (27). -. 

REGION TRANSMITrED 
THROUGH COLLIMATOR 

; 
Figure A3: The phase space acceptance ciiagrkm at the collimator centerline for 

the geometry depicted in. Figure A2. The large shaded parallelogran,uhere PP(z,$) 
= 1 represents the region illuminated by the moderator oi width F?', and 
transmitted by the rotor aperture of width WP placed at a *stance ,Ll dounstreatn 
from the moderator and a distance L' before the collimator. The small 

parallelograms where PC(s,$) = 1 represent the regions transmitted through each 
collimator slit of width dC and length LC. Those regions common to both 
correspond to rays transmitted through the system. 
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If the angular current density on the source plane is #s(z,,JI,), then the 
number of neutrons passing through the system per unit time is 

I = 
I #s(z', V) PP(Z,$) Pc(z,G) 6(z - z' - (Ll + L,)S) a($ - V) 

dzd$dz'd$', (A2) 

where the delta functions represent the transformation (equation (Al) from the 
phase space at the source to that at the reference screen. Performing the 
integrals gives 

I = #,(z I - (Ll + L')ti,$) PR(z,$) P&,$) dzdfi. (A3) 

Assuming that the source angular current density is uniform and isotropic 
(constant) within the region (z, = z - (Ll + L')$, $) for which PR # 0 and PC # 

0, 

I = 4s fall z,+ p~(z,$) Pc(z,$') dzd$* 

If WM is the width of the-source, we can write 

(A4) 

&wM = isI 

where is is the two dimensional version of 

current function. Then 

I = (is/WM) la11 z,~ PP(z,$)PC(z,$)dzdti. 

There is essentially no approximation so far. 

(A5) 

the usual three dimensional beam 

(A61 

When the collimator slit width dC << Min[WM,WRl (the usual case), Pc(z,lt) 
varies on a small scale with respect to z, in comparison to PP,(z,$). 
the collimator slit angular distribution 

which is the integral for a single slit of width + 
0) = 1. Provided that the collimator exit is wider 
formed by the source and the rotor aperture, 

and normalized so 
than the penumbra 

that FC($ = 
of the beam 

WP + (WR + WM) (L' + L'92)/Ll. Hence we may replace PC(z,$) in (A4) with its 
average value f$,($). Then 

We define 

(A7) 

1 = #,fcJ pR( z,ll) F&b) dzd$, (A6) 

where fC is the fraction of the area of the collimator which is open, 

fC = d&k + tc), (A3) 

and tC is the thickness of the collimator slats. 

We now introduce the rotor aperture angular distribution 

FR($) = I all z P~(zt$) dz/kr (A101 
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which is normalized to'a width W which is yet-to be'chosen. Then 

1 = &fcw Iall fi QC\t, F&Q dlt (All) ’ 

so that finally, 

.I=’ isfcCW/WM) Iall ,J I$($) *FCC@ d$. (A12) 
i 

We now choose W so that FR($) has the convenient property 

FR(%ax 

Two cases can 
widths of the 
note that the 

be distinguished, WR s WM and WR 2 WM, depending on the relative 

rotor aperture and the moderator. With reference to Figure A3, we 
maximum occurs for $ = 0. Then when WR s WM 

FR($ = 0) = I PR(z,$ = O)dz/W = WR/W, 

and when WR 2 WM 

FR($ = 0) = I PR(z,$ = O)dz/w = WM/W. 

Therefore to provide in FR(#) the property (A12), 

I 1. (Al3) 

) (A14 

(A15 1 

W- 
wR if WR s WM 
WM if WR 2 WM. (A16) 

Hence, from equation (A12), the viewing factor C in equation (1) of the text.is 

;; F ' 'M 
R ' 'M* (A17) 

The distinction between the two cases corresponds to whether or not the taking of 
the absolute value in (18),of the text represents a change in sign of WM - WR. 
Otherwise stated, the distinction corresponds to whether a point at the center of 
the beam lies in the penumbra of the beam (the source is partially obscured by 

the rotor aperture), or whether the center is in the true umbra of the beam (the 
source is fully observable through the rotor aperture). 
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SMALL-ANGLE NEUTRON SCATtiRING -AT &LSE!D *~SO&S 

.. * 

COMPARED TO REACTOR SOURCES 
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Abstract: Detailed’comparisok of measurements made on sti.all-angle nkytrgn 
scattering instruments at pulsed spalktion and:reactor sources show that the.results 
from the ttio types of instruments are comparpble. It is further demonstrated that -! 
spallation ikuments are preferable for measurements in the ‘mid-momentum transfer _ 

dpmain or when a large domti is needed. : .-’ ... ’ 
. 

; 

Introductiog 
-> _ 

: ,: : 

Small-angle neutron scattering. (SANS) instrumen&.at.pulsed sources use time-of-flight 
(TOF) to measure the magnitude’ of the momentuni“df eitch counted neutron; rather than 
monochromate the incident beam. This is necessary, as the tie-averaged flux at pulsed spallation 
sources is low, and every available neutron must be used. The methods of .data acquis,ition and re- 
duction for TOF-SANS are new and some aspects are still under development, and we need to 
demonstrate that data obtained using these new techniques are reliable/ and that measurements 
taken on the two classes .of instruments are comparable. We presetit he;e some results of some 
measurements designed to meet this objective, in which detailed comparisons are done between 
measurements on standard samples at TOF instruments with SANS instruments at reactors. In 
this paper we will show that the answers obtained from the two types of instruments are the same, 
with the caveat that there are some minor differences that may be due to incoherent scattering, 
multiple scattering, and instrument resolution; We hope that as a resu!tof,this work’exberimeniers 
will be aided in planning measurements and in making good choices as to tihkh t*e.of itktrument 
might be more suitable for a particular measurement. 

Results 

A blend oCd-polystyrene (48%) with h-polys&nw 
Small-angle scattering from.a blend of 48% deuterated polystyrene is &xpectkd,to exhibit 

I(Q) 6 Q-2, characteristic of.a Gaussian coil. In Figure Iwe show the results of data taken on two 
TOF-SANS instruments: the -Low-Q Neutron Diffractometer (LQD) at the Los Alamos Neutron 
Scattering Center, Los Alamos National Laboratory and the Small-angle Neutron Diffractometer 
(SAD) at Argonne. National Laboratory; and .two reactor-based ins?ments: the 30M SANS at 
Oak Ridge National Laboratory, and D-l 1 at the Ins&t Laue-Lange& . . 

Measurements on LQD a&SAD were @ken with instrument fixed g&o&ztry: The SAD 
measurement was taken with the~detector off-axis. I)I each case dati t$quisition and reduction was 
done by standard methods and.are described elsewhere [l-4]. Two geometries were used on the 
reactor instruments: 19 and 7 M sample to detector distances on the-30-M SANS, and -10 and 2.5 
M on, D-l 1. Measurements on the 30-M instrument were done.by F. Bates and G. Wignall.. 

All data are plac+ in.a scale ,of absolute differential scatt&g probability per unit’solid, an- 
gle, dp/d,o (d&i$ion.by sample thickness will give mdfi (em-l), tile ma&scopic differential 
cross section per unit volume per unksolid angle). This was‘doni bji deterinining a calibration 
constant for each instrument. For the F&or instruments, a primary standard, ,w&er, w-as used 
[5,6]. Secondary standards with ,tioss-sections derivid from the reactor instruriients were used to 
klibratk the.TOF’instiments; In the case of SAD this was ti iiiadiated aluminum-standard Al-4, 
the absolute intensity of which was determined on the Oak Ridge 30 M instrument [6]. For LQD 
calibration was done using the polystyrene blend discussed here and also a silica gel sample; the 
absolute intensity values for which were determined on D- 11. 
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The absolute SANS intensities (shifted by factors of two for comparison in figure 1) from 
each measurement afe identical, on the average. Since calibration of the TGF instruments was 
done using results from the reactor based instruments, there is no surprise that the intensity agrees. 
That the two TOF instruments agree very well, does show that the determinan.on of a 

0.01 0.1 

Q (A-‘) 

Figure 1. Polystyrene Blend: 
w, LQD; o, SAD; +, D-l 1; 
0,30-M SANS 

I ’ Ilftll , I I I I I , I 1 

0.01 0.1 

Q (A-9 

Figure 2. Vycor Glass: 
w, D-11, 10M; 0, D-11,5M; cl LQD 

calibration constant for these instruments can be done in a straightforward manner, even though the 
two TOF instruments are very different in design and neutron source characteristics [ 1.71 

These data (figure. 1) show the large Q-domain accessible using TOF instruments on a 
single measurement -larger than that available on the reactor instruments, even with two camera 
settings. In principle, data can be obtained on LQD over the domain 0.002 c Q < 0.5 A-1, and 
0.005 c Q c 0.3 on SAD. Realization of this range depends on a number of factors, including 
scattering_intensity, counting times, incoherent scattering and the range of incident neutron wave- 
length used. These limit the domain of useable data in this instance to 0.003 5 Q I 0.2 A-1 on 
LQD and 0.005 I Q 0.12 A on SAD. 

The slopes of the double log plots for the TOF data are -2 to within experimental error. 
The slopes of the lines for the reactor-SANS data are shghtly smaller, We are not sure of the rea- 
sons for the difference but suspect that effects from incoherent scattering may play a role here. 
George Wignall (private communication) reports that a value of 0.4 cm-l (0.04 in Figure 1,) has 
been subtracted from the ORNL data to obtain a line on the double log plot with slope -2. 

In the data taken one LQD there is a deviation form the I(Q) - Q’* power law at the lowest 
Q values . It is likely that in this domain Q- 1= Rg, the radius of gyration of the polymer; thus we 
are observing a cross-over‘into a Guinier region. There also may be some effects from multiple 
scattering [8] due to the large incident neutron wavelengths used to obtain very low Q data. This 
points out a potential disadvantage of TOF-SANS at very low Q, as limits in instrument length (if 
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a frame overlap chopper is .not used) requires the use of long wavelength neutrqns in order TV ob- 
. 

tain data in this region. 
‘_ 

A Sample of Vycor glass: j 
The porosity of this vycor glass leads to a correlation peak at Q-2.0.02 #A-l. 

compare data taken at D- 11 and LQD. 
In >Figure 2 we 

The D- 11 data are takeil at sample to- detector distances of 
10M and SM using -1OA neutrons., Data on LQD were taken with a proton beam current on target 
of 6OpA. The results give some further interesting c6mparisons byeen LQD and D- 11. 

Scattering measurements (expressed in figure 2 as dud0 (cm-l)) taken on the two 
instruments are essentially the same, given that for a peaked function the instrument resolution 
becomes a factor in the result. In the example in Fig. 2 data, from LQD .were reduced using all 
time channels. This gives the maxitium Q-range for- the measurement. When this procedure is 
used the precision in Q for LQD (sample: to detector distance e 4.3M) is similar to Dl 1 at 5M, as 
evidenced by the si@larity in curve shape and height. However, resolutidn of a TOF &strumcnt is 
dependent on the TOF-channels Used in data reduction 123; thus, had only longer TOF-channels 
been included, a narrower peak in the region about Q = O.O?-1 would have resulted. . 

The data acquisitiori’time foi this experiment arid its transmission on LQD was 30 minutes. 
To achieve the same statistics (0.45%) in an equal width Q-bin (0.001 A-1 ) at a single value of Q 
(0.030 A - 1 ) at D - 11 would take 9 minutes at the 5 - m position. Thus it took more than 3 times as 
long to get a data set at LQD, but the Q - range obtained is nearly 4 times as wide. In this example, 
the extended range allows determination of the power-law slope above Q = 0.045 A - 1 . When a 
constant (incoherent contribution) of 0114 cm-1 is subtracted, the slope of -3.360&0.006 extends to 
the highest values of Q measured. 

Conclusions: 
From these examples, we conclude that the results of scattering measurements taken at 

TOF-SANS and reactor-based SANS instruments are, comparable. Small differences can perhaps 
be better understood, and thus corrected. The current generation of small-angle instruments on 
pulsed spallation sources is competitive at moderate Q an! may be faster when a wide range of Q 
is required. It appears, however, *that present high flux reactor-based instruments are superior for 
measurements at very low-Q or over a narrow range of Q. 
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Q(R.ELechner): Which kind-of “incoherent back ground” were you referring to in your comparison of small angle 
scattering instruments, where you claim that this background is larger at reactors than at pulsed sources? 
Should not the ratio of coherent to incoherent scattering be independent of the instruments? Could it be that the 
compared instruments at pulsed sources are better shielded than at the reactors? 

A(R.Pynn): We do not really understand-yet why the pulsed sourceSANS data seem to be so much better than data 
from reactors. Perhapsit hastodo with-wavelength dependence of incoherent scattering. Remember that larger 
values of Q-W measured with shorter wavelength neutronsat pulsed sources, so the incoherent contribution 
varies as a function of Q. We need to do more work -to understand both the incoherent & inelastic scattering 
contributions to SANS -for both reactors and pulsed sources. 

C(N.Watanabe): I agree to your argument that simple statement “performance of SANS is proportional to average 
source flux” is too naive. My argument yesterday is just for simple comparison. 

Q(N..Niimura): We should think..that transmission and scattering measurement should be carried out 
simultaneously by developing the detector system for SANS. 

-. 

A(R.Pynn): I agree with you. That means of course that we have to find a. way of intercalibrating the detector we 
use for transmission measurements and the one we use to measure scattering. Or.perhaps we could develop a 
detector with a large enough dynamic range to measure both transmission and scattering. 

676 



ICANS-XI International Co&&oration on Advanced Neutron Sources 
KEK, Tsukuba, October ?2:26,J990 . . .‘. I 

Total Performance of Small-Angle Machines at Pulsed source 
‘. -. 

M. Furusaka, N. Watanabe, K. Suzuya*, I. Fujikawa and S. Satoh 
National Laboratory for High Energy Physics, Tsukuba 305, Japan 
*Institute for Materials Research, TohokuUniversity, 2-l-l Katahira, Sendai 980, Japan 

Abstract 
The total performance of a small-angle neutron-scattering (SANS) instrument is discussed in terms 

of the incident neutron intensity and solid angle covered by the detector system. Although the time- 
averaged neutron intensity is very low at‘a pulsed source compared with that at a reactor, there is a 
considerable gain in intensity for a SANS instrument at a pulsed source, even in the small-Q region 
when incident neutrons with a wide range of wavelengths are used together with a detector system 
covering a wide solid angle. A small/medium angle diffractometer, WINK, at KENS is described, 
which was designed so as to take full advantage of a wide incident-neutron spectrum and a nearly 4x- 
solid-angle detector. ., 

Introduction . . 

In terms of the “total performance”, what parameters should be considered for a SANS 
instrument, especially one at a pulsed neutron source? Very often, in optimizing a SANS instrument, 
only the resolution and intensity relationship (in terms of incident neutron collimation and resolution 
of a detector system) has been discussed; the use of monochromatic neutrons has been implicitly 
assumed. In the case of a pulse source, it is essentially important to utilize neutrons of a wider range 
of wavelength, especially with smaller wave numbers, jc=lkl, together with a wide. solid-angle 
detector system. There has been no established way for optimizing a collimator system used in a 
polychromatic neutron beam. In this paper, the optimization of a SANS instrument is discussed in 
terms of various parameters, such as the period of neutron bursts, the incident neutron 
intensity/spectrum and the solid angle covered by a detector system. 

Intensity optimization 
In the optimization of various parameters, one must first know the boundary conditions. From an 

experimental point of view, the relevant parameters are the required Q-range, especially a minimum Q 
(Q,,,), Q-resolution AQ. In this paper all of the parameters are discussed (not in terms of wavelength 
(h)) in the wave number (k). 

One of the possible scenarios used in choosing a suitable collimation system from the required & 
is shown in the following. From the fundamental equation, we can write, 

Q = 2k, sin(;) , 

where, k, is the z-component of .a wave number vector along the beam, direction, and cp, is the 
scattering angle. Then, dQ can be expressed as 

dQ = 2 sin ; dkZ + k, cos ;,dq ,;. . I ’ -32)’ 
_i- 

Usually, the angular uncertainty which is determined by the finite size of a sample and resolution 
elements of a detector system is sufficiently smaller than the incident beamcoliimation, i.e, : 
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Then, using Akx,y = kz A&,,, AQ can be expressed to a convolution approximation, 

AQ = (2 sin; Akz)2 + @OS; kzAtpX)2 + (COST k,A<p,) 
2 112 

I 

(2 sin; AkZ)2 + (~0s; AkX)2 + (COS; Ak,) 
2 m 

= 1 . 
A relative resolution R = AQ/Q is expressed as 

(2; + (21 cot; A& + ($ cot; Aq,) 
2 l/2 
1 . 

(4) 

(5) 

In the case of a reactor, since kz is constant, the first term is independent of Q. The second and the 
third terms are proportional to cot(@), i.e. inversely proportional to Q at smaller angles. 

In the case of a pulsed source, the following condition generally holds: 

cpAk, << Ak,, ,, . (61 

Therefore, the first terms of eqs. (4) and (5) are negligible compared to the other terms. 
AQ at &,, (AL) is determined by the required resolution, R, as A& = ani. x R (typically R = 

0.1). A suitable collimator system can be chosen according to Aain. If a relaxed resolution, R* (say 
R* = 0.3), can be acceptable at the lower angle part of the detector system, Q can be extended to &* 
= & x R/R* with the same incident collimator system. 

The components in eq. (4) must be nearly equal from the condition of resolution matching. Using 
eq. (4) the required Ak,, ,, for A& is expressed as 

Akx. y -$A&. a= 
I 

fl: pulsed source 
fT : reactor (7) 

The values of a can be easily understood from eq. (4). Using the smallest available kz (kzh ), Acp,, y 
is given by 

Akx. y 1 AQmin A’P~,~= - =-- 

kpin cc kjJnIr * 

The neutron intensity at the sample position is discussed in terms of Aqx,y. When an isotopic 
sample is assumed, the neutron intensity observed in AQ at Q is expressed as 

I 
kpax 

Iobs (Q) AQ = dk, I?kz) rl(k,, Q> V N At@,, Q) $-(Q) m(kzy Q, AQ, (9) 
k$+ AQ 

where, k,max is the largest kZ available, IO&,) the incident neutron intensity at the sample position, 
rt(k,, Q) the detector efficiency, V the volume of a sample, N the number density, Att(k, Q) the 
sample attenuation, do/dn the scattering cross section, and m(k,, Q)/AQ the solid-angle covered by 
the detector system in AQ for a fixed k,. Since the V, N, Att(k, Q) and da/& in the integral are 
sample dependent, only the other factors are considered here. Our goal is to maximize the function 
F(Q) in the following form at a specified Q range: 

I 
kpax 

F(Q) = 
k!pin 

dk, I”(kz) q(k,, Q) “T; Q, . (10) 
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p(kz) can be derived from-the phase space density of neutrons wthe moderator (Maier-Leibnitz, 
H. 1966). The phase space density is expressed as 

A6n -= A6n 

AV, Ak,Ak,AkZAxAyAz4i6 ’ 
(11) 

where n is the number of neutrons in the phase-space volume, VP; kx,Y,Z the x,y and z (beam 
direction) components of k; Ak,, Ak,, and AkZ the corresponding resolution elements; and Ax, Ay and 
AZ the resolution elements in real-space. 

The intensity, I(k3, at the sample position through a unit area for given ok&,&, is expressed as 
(Alefeld B. and Kollmar A., 1985), 

_. 

” I(kJ AkZ = _ e-$.Ak Ak Ak x y 
27tk; 

27 

with 

kT= - 
li - 

(12) 

(1% 

In the above $ is the time-averaged neutron flux of the Maxwellian part, m the neutron mass:.kn the 
Boltzman constant and TN the effective neutron temperature; I(k,) is assumed to have only the 
Maxwellian part ; the slowing down part is neglected for simplicity. It is not so difficult to add the 
slowing part afterwards. I(k,) is shown in Fig. 1. 

Ic(kZ) is expressed by replacing Akx,y with 
Nx,~, 

IO(kz) 

Io(kZ = $ z 
2xk; 

e-5. AqxAcpyAk, 

=Q--Lemi. k3 a AC.&,,. 2 

2xk; ( 1 
” Ak,. 

ak$@ 
(14) 

The importance of using a detector system 
with a large solid-angle is often overlooked in 
SAMS instruments. The relation between solid- 
angle covered by a detector system and observed 
intensity is now discussed. 

b 
1.5 2 2.5 

kr /k T 

The solid angle subtended by a detector, F’ 
Ail(q), is expressed as 

lg. 1. Normalized ,spectrum, I(k,), at the sample 
position for- a given A k,A k,Ak, resolution 
element. Only the Maxwellian part of the 

Ail(q) = 2x sincp A(p spectrum is shown as a function of k,,in units of 

= 4~ sin? COST AT 
kr. 

2 2 ’ 
(15) 

where, cp is the scattering angle. Using the relations Q = 2k, sin(cp/2) and m(k,, Q)/AQ for a fixed k, 
is expressed-as 

AQ(kz,Q) 3Q, (Q<k) 

AQ k: 
z * 
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afl(k,,Q)/~Q is shown in Fig. 2. by a dashed line 
denoted by “Ideal”. AQ(k,,Q) 

F(Q) in eq. (10) can be expressed by using 
eqs. (12) and (15), 

o@WJ 
l.O- ,/i 

F(Q) = 
I 

kpax 
& wz 

--e~~~~b~rl(kz~ Q) Q 
0.8 m Ideal 

\ 
/ ,I 

= 2nk; 
/ 

@‘in 
I 

0.6 - 
/ / 

/ 

I 

kpax 

= dk ok& e-s AQmin 2 rl(k 
@‘in ’ 2zk; 1 1 

/ I 
Q> Q 0.4 - / 

/ 
T clk,min 

Z¶ 

/ 
i 

(17) 
0.2 - 

1 

Figure 3 gives the useful bandwidth in kZ for 
measurements at Q, which is determined by kzmin 

o*“o.o 0.5 1 .o 1.5 2.0 

and kzmax in eq. (17) for both the reactor and Q (x k3 
pulsed source. The limits for AQ/Q = 0.1 (long- 
dashed line) and AQ/Q = 0.3 (short-dashed line) in 
the case of the pulsed source are shown in Fig. 3. 

Fig. 2. M(kZ, Q)/AQ as a function of Q for an ideal 

For the case of an instrument at a reactor, if 
4~ solid-angle detector sy’stem for given kz 
(dashed line). The same function for WINK is 

AwQmin = 0.1 is required at anin, ok, becomes 
0.1/63 kZ”‘” = 0.058 kzmin. 

also shown by thick solid curves. 
Therefore, 

integration over,kZ should be taken from k,d to 
kzmax = kzmin + Ak, with Ak, = 0.058 kzmi*. A Reactor 

typical useful bandwidth in k, is indicated by the 
short line with arrows outside in Fig. 3. Q (P ) 

For the case of a pulsed source, integration can 0.1 - 
be carried out from kzmin (or from cutoff at 
Q=2k,), up to the line defined by AQ/Q = 0.1. A 
typical integration path in the low-Q region is 
indicated by a thin horizontal arrow in Fig. 3. 

Numerical integrations of eq. (17) for a pulsed 
Pulse 
min 

kz 
max 

source were performed and the Q dependences of O.O!? kz 
F(Q) are shown in Fig. 4 for different values of , 

’ kzmin (= 0.2, 0.4,0.6 and 1 A-1). Rapid drop of AQ/Q = 0.1 

F(Q)‘s beyond Q = 2 A-1 is due to the fact that I \_ - 

only the Maxwellian part of the spectrum was 
-- A&Q = 0.3 

assumed. for jc(k,). If the slowing-down part of 
I- 

o A-C- Ji - - 7 - - - - - - - - - ’ 
the spectrum is taken into account, F(Q)% keep 
almost the peak values in a higher Q region. 0. 0.5 1 1.5 2 2.5 

The calculations were performed under the 
condition that AQ/Q IO. 1, even at Q,,,in with A& 

k (0 

= 10-3 A-1. Sim’l i ar calculations for a reactor Fig. 3. Integration paths in a kZ-Q space. 

instrument for the same values of kzmin are also 
shown by dashed straight lines in Fig. 4. 

In the case of a pulsed source, F(Q) increases drastically with decreasing k,&. This is because, a 
relaxed incident-collimation can be used with a smaller k zmin to realize the same A&. Under real 
experimental conditions, many difficulties arises when very small kZ is used: for example, a sample 
attenuation becomes serious at very small kZ and a measurement of transmission becomes difficult. A 
practical limit would lie around k,mh = 0.3 A-1 or h = 20 A. 

In contrast, F(Q) for a reactor depends weakly on kZ min. This is because, although Acp can be 
relaxed by using a smaller kZ min, tiz should also be reduced as &2/kzmh = 0.1. 

If only the first time-of-flight (TOF) frame is used, k zmh for a pulsed source is expressed as 
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3956 T&c)-” ,- . ,. 
: 

i 

(18). 

where L is the total flight-path length and T’the period of neutron bursts. In order to obtain a lower 
kzmb, L should be as short as possible and T as’long Bs possible over a realistic’range. A smaller 
k,fi% can, of course, ,be &l&d. by taking the second’ or third -TOP. frame, ‘while sacrificing the 
bandwidth’(smaller k,mM); in general, tho ug , t ’ h hi s, is not.realistic., O’n the other band, a smaller kzmin 
can also be realized by thinning-&educing) the repetition of the neutron’bursts while sacrificing $. In 
this case, there is appreciable gain under certain conditions. 

F(Q) 
1()()(-j . . . -_.. :-_. __ .,,._ . . 

,. 

,..,_ . . 

_I._. I. - . ,I 

. ,._I -. 

. 

, . . . 

Q(A-1 ) 2, ., 

Fig. 4. Calculated F(Q). -for kzmin =. 0.2,0.4, 0.6, 0.6 and 1 .O A-1, from top to bottom for each type of plot. The 
solid curves are for a pulsed source with AQmin = O.OOi A-1; AWQ s 0.1 -(thick lines) and I 0.3 (thin 
lines), and dashed lines for a reactor source for AWQ 5 6.1 -(thick lines) and for AQ/Q I 0.3 (thin lines). 

New small/medium-angle diffractometer WINK 
As shown in the preceding sections, in constructing an ideal SANS instrument at a pulsed neutron 

source, the following conditions must be satisfied: i) period of neutron pulses as long as possible, ii) 
total flight path length as short as possible, and iii) detector solid angle as large.as possible. 

We designed and built a new small/medium-angle diffractometer, WINK, as shown in Fig.5 
which satisfied the above conditions as much as possible. Unfortunately, there are many restrictions: 
for example, the beam line must be shared by three instruments! Actually, we built the WINK 
between two existing instruments: a low-energy inelastic spectrometer (LAM40), and a high- 
resolution powder diffractometer (HRP). These three instruments share the same neutron beam (C4) 
viewing directly the solid methane moderator at 20K. 

At KENS, the accelerator is operated at 20 Hz, which allows us.a 50 msec bandwidth without 
reducing neutron pulses by a chopper. Since the total flight path-length is 11,3 m due to spatial 
limitations, k@* becomes 0.36 A-1 (1’7.5 A in wavelength). A tail-cutter is located at about 1.2 m 
upstream of the sample position, far from the moderator; for technical reasons. The frame overlap is, 
therefore, not negligible:We have a plan to install another tailGtterjust outside the biological shield. 
The sample position is 9 m from the moderator and the scattered flight-path-length is 2.3 m, which is 
much shorter than a desired length (about 4 to 5 m). We utilize a natural collimation between the 
moderator and the sample. The sample size was designed to be 20 mm by .20 mm. The, detector, 
arrangement at the small-angle position (L2 =‘ 2.3 in, cp = 1.5O-8.4’), which is installed inside the 
vacuum scattering chamber, is shown in Fig. 6. A similar detector arrangement is used at the 
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medium-angle position (L2 = 1.1 m, cp = 12”-19”). The beam size of WINK is shown by a small 
square and the beam for HRP by a large rectangle, both shown in the center of the detector bank in 
Fig. 6. Conventional 3He detectors of l/2’-diameter are used at a lower-angle part, while at other 
angles l’-diameter detectors are used. In order to squeeze as many detectors as possible into a 
compact space, detectors amslanted by 20 degrees, as shown in the figure. We have just installed 
them. Many high-angle detectors can be placed around the sample chamber, as shown in Fig. 5. The 
An(k,, Q)/AQ realized in WINK is shown by curves in Fig. 2. Even with the present detector 
arrangement, only 15-40% of the solid angle is covered, because of geometrical constraints. _ 

Fig. 5. Side view of WINK. 

Fig. 6. Detector arrangement of a 2.3 m detector bank of WINK. 
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Fig. 7. Scattering spectrum from Sic fine powder measured by WINK instrumevt with only four detectors. 

A preliminary scattering spectrum obtained from Sic fine powder using only one detector at each 
of four different scattering angles in about four hours is shown in Fig. 7. The Q-range covered by 
this instrument is sufftciently wide (Q = 0.015 - 20 A-11, as can be expected, and the dynamic range 
is almost 5 decades. 

We are now constructing a high-angle detector bank as well as a sample changer. Only one fourth 
of the data-acquisition electronics is available now and a prototype data analysis software is under 
development. The instrument is expect to be completed within FY 1991. 

Conclusions 
From a total performance point of view, the utilization of neutrons with a wide k range, (especially 

that of small k,min), together with a detector system of a wide solid-angle coverage, plays essential 
roles in the case of a SANS instrument at a pulsed source. 

WINK will be a hopefully ideal-like SANS instrument regarding the above points of view. 
However, there arc many mismatches due to the various constraints: narrow space, beam shared with 
two other instruments, and so on. 
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Q(A. D. Taylor): How does the resolution change with angle impact on the data analysis? 
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the cot(G) term. Only data from the small-angle part affect the analyzed scattering function. 
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Abstract 
Application of mica in the crystal analyser of time-of-flight. 

spectrometer installed in a pulsed cold neutron source is a new approach 
in high resolution neutron spectroscopy. We constructed a new set of 
mica crystal analysers for the neutron spectrometer at KENS (KEK), that 
gave a desirable performance of energy resolution accompanying by a 
surprisingly sharp rise shape of resolution function. The latter 
characteristic was especially i’ndicative of the usefulness of mica 
crystal analyser in the quasielastic neutron scattering studies of 
localized random motions in condensed matters. 

I . INTRODUCTION 
Quasielastic neutron scattering is a very,useful method to.study 

diffusive motion or the relaxation process in molecular science and in 
many other fields. Measurements of quasielastic scattering often 
require a wide energy transfer range of several orders of magnitude in 
addition to a relatively wide momentum transfer range. It is easily 
seen that the design of a single quasielastic spectrometer’which h-as 
the capacity to cover such a wide energy transfer range is beyond reach. 
Therefore, adopting a single design philosophy, we designed three 
quasielastic spectrometers which can be complementary devices, and 
installed them at the KENS spallation cold neutron source at the 
National Laboratory for High Energy Physics (KEK), Tsukuba. 
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Dur ing,the: past -decade we. have. bee-n engaged in. developing: the KENS 
spallation cold neutron source and a high resoiut.ion quasielastic ~I 

spectrometer in addition40 a conventional.resolution one using the 
pulsed cold .source. Our previous studjes.revealed the 20 K solid 
methane moderator, to. be. the,most.adap,table to.the.modest capacity : 

accelarator-based.coId neutron source of, the &ENS;,! size.. ‘,,U.sing the 
pulsed cold source, we have been accumulating basic data on the 
performance of the quasielastic spectrometer.. ‘. . . . 

Based on our. accumulated information, 
cold neutron source of the KENS-I’ size. 

we then constructed a pulsed 
Several year.s,,of succeSsfu1 

operation have proved that the 20 K solid methane cold source is still 
adaptab-le even for the neu,tron source of the KENS-l’ size. Furthermore, 
our data has revea1e.d that the -crystal a,na-lyser .type time-of-f.i’$ht 
spectrometer , combined with the pulsed cold source; is the simplest but 
most suitable ,device for, quasielast ic-scatter.ing because of. its ..’ 

flexibil ity.of performance. ‘, :: .’ 
This paper descr.ibes the desi.gn and the performacce of the LAM-80ET, 

which is an improved version uf. the LAM-80 having the special feature 
of a wide.energy window. The design considerations of the instrument 
are discussed in section II, and the description of spectrometer and the 
practical performance-are given in sections Ill .and IV. Final ly, a 
short remark.of the method of data,analysis is given in sect-ion V,. 

. 
: 

II. Design considerations .‘.. ._ 

In-order to carry’ out quasielast-ic, neut,ron spectroscopy--using the. 
pulsed cold source, it is-most desirable that the neutron pulse emitted 
from the, coid.source be utilize-d directly for energy analysis u.sing the 
time-of-:flight:technique without any auxiliary device for, narrowing the 
pulse width. As to accompanying secondary energy anaIysi?gdevices? 
there are several options. Our early results suggested that a wide 
acceptance angle crystal an,aIyzer mirror is the most suitabIe,one.- 
Therefore., we adopted. the arrangement of devices Shown ifl f.ig. 1. 

In the case of,time-of-flight meagurementsi.the high resolutiop 
requ.ired js attained by selecting apprgpriately the length of a Feutron. 
flight path to the width of-the neutron puI,se, the Bragg angle and $he.. 
material of the anaIyser mi,rror. An appropriate select.ion 0.f these, 
combinations.enab.led us to design a high resolution spectrometer.with 
high intensity. ,’ Neut’ron guide tube wa.s used,for the purpose of the 
high intensity. 

II.-1 Scattered neutron spectrum 
*If the design parameters. of. the:spectrometers are appropr iate!y.,- 

selected, the tim.e spectrum.of the.scattered neutrons from the sample 
at a scattering angle 6 is simply expresSed as follows. 

~(t;63=const f. j #CE1,t-l~/(2E~/m)~‘~1a(El-+E2,~)R(Ea)d~~dE2 (1) 
where +(Et,ti) is the incident neutron flux at time tl into the sample, 
a(E1+E0,8)‘is the incoherent differential scattering cross section, 
R(E2) is the energy resolution function of the crystal analyser mirrors, 
m is the neutron mass, and 12 is the average flight path length of the 
scattered neutrons. 
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The quantities measured are the energy transfer,&, and the 
scattering vector,-Q, defined by 

z = El - E2, (2) and Q = kt - ka, (3) 
where kt and k2 are the wave number vectors of the incident and the 
scattered neutrons, respectively, and Q2 is given as fol lows, 

Q2=(2m/h2)[E~+E2-2(E1E2)“2~ose 1. (4) 

II .2 Time-of-flight measurement 
The time and energy spectrum, # (El,tl), of the neutrons impinging on 

the sample depends on the neutronic performance of the pulsed cold 
source. Since we needed precise information about the time structure 
of the neutron pulse emitted from the cold moderator, we measured the 
time structure by a thermica monochromator for the 20 K methane cold 
moderator and the pulse data were corrected for the monochromator 
resolution using the QUESA-40 code. Fig. 2 shows the pulse width at 
half-maximum, A tz, as a function of neutron wavelength after the 
correction of the resolution. A tremendous increase of pulse width 
occurs in the cold neutron wavelength range. 

The energy resolution, AEI, in the time-of-flight experiments is 
given by 

A El =2El A tr/tt . (5) 
Using the data shown in Fig. 2, we can assess AEI as a function of-the 
flight path length. I, for 4 and 6A wavelength neutrons as shown in 
Fig. 3. From the figure, the length of the neutron flight path and 
the desired energy resolution in the case of the 20K methane pulsed cold 
source can be detemined. Because of the spatial limitation in the 
experimental hall, the length of the flight path is fixed to about 30m, 
and we obtain a resolution of 1Ou eV. This assessment is based on the 
QUESA-40 code. 

II .3 Analyser mirror 
To attain the desired resolution and high efficiency, it is 

necessary to match the energy resolution in time-of-flight measurement, 
AEI, for the energy resolution of the analyser mirror, AE2, according 
to eqs. 1 and 2: The design of the analyser mirror which fulfills the 
above requirements is as follows: a large number of small mica crystal 
pieces are mounted on a surface with special curvatures so that all 
pieces satisfy the same Bragg condition. Moreover, the flight path 
lengths from the sample to the counter via each crystal piece must be 
almost the same so as not to sacrifice the energy resolution AEI due 
to variance of t2. To fulfill the latter condition, a relatively long 
distance from the sample to the crystal piece and from the crystal piece 
to the counter is needed. To decide the dimensions of the analyser 
mirror, many factors are involved. 

The resolution function of the mirrors R($B) is calculated by the 
following equation, 

R(eB)=,i’ $ ~p(r,~,S)Ir-~I-21Z-SI-26[8B-6..B(r,~,SS)ldrd~dS, (6) 
where 8B(r,x,S) is the Bragg angle determined by the,positions r,z 
and S, and p(r,I,S) is a factor representing efficiency due to the 
projection of each plane and the mosaicness of the crystals. The 
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integrations are performed with respect to the volume of the sample, the 
surface of. the mirror and, the plane of the diaphragm. 

Fig. 4 shows a typical calculated results of R(~B) by eq. 6 for:th’e 
case of the average Bragg angle of 80” and a 14 mm diameter and 80 mm 
height cylindrical sample. The result indicated that the angular 
spread of the Bragg angle A 6B is about 0.369. 

The energy resolution of the analyser mirror is. estimated by the 
following expression, 

s 

AE2 7 2E2[(cottbA 8d2+(A zji)2]1’2. (7) *. 

Here A T is ,the variance of the reciprocal lattice vector,7, due to, 
the limitation of the number of lattice planes contributing to the- 
reflection. In our case, the second term in the brackets in the rhs’ 
of eq. 7 may be small enough to neglect as comparedewith the first term. 

11.4 Overall resolution 
Fig. 5 shows the.vari-ante of incident and scattered ‘neutron energies 

AEI and AE2 as a function of the Bragg angle calculated by eqs. 5 and 
7 for the case of a flight path length 30m. 

The overall energy resolution of the spectrometer is assessed by 
A e = 2E[(A tz/tl I2 + (Cot&A 8B)2.+<A 7/7)2]“2. (8) 

Here El=Ez=E for quasielastic scattering. 
Fig. 6 shows overall energy resolution of the spectrometer as a 

function of the Bragg angle for the case of flight path length 30 m. 
The highest resolution is attained for the backscattering condition 
the analyser mirror, as seen in fig. 6. However, in this cdnditi 
the intensity of the scattered neutrons is seriously sacrificed due 
the narrow band width, A.E2. An optimal condition is achteved by 
matchi.ngA El to A E2. The optimal condition for, the desired 
performance can be found around the point where the two curves cross 
as shown in fig. 5. 

of 
on, 
to 

t 

III. Description of spectrometer 
The LAM-80ET utilizes a LAM-type analyser mir-ror, of which the 

structural frames supporting the crystal pi.eces were fabricated.: 
according to the same design method described previously, The average 
distance from the samp,le to the count.er diaphragm via the mirror crystat 
is 120 cm. 

III.1 High resolution machine 
Fig. 7 shows the configurat.ion of the LAM-80ET. The spectrometer 

is installed at the C-2 neutron, guide hole, of which the d,istance from 
the cold source is about 26 m. As seen in the figure, t.here are eight 
identical mirrors, each containing 40-O mica crystal pieces of 12mmxl2mmx 
3mm in si,ze. Each analyser mirror is mounted at four fixed angles: 
li: 150, &51.7O, + 78” and + 118O. Thus, the scattering angle of the 
analysers can cover the re.gion from 15O to 118O. The set of analyser 
mirrors is housed in an evacuated container surrounded. by neutron 
shields made of borated resin and cadmium sheets. Moreover, each 
analyser mirror has its own inner shields, as shown in fig. 7. ‘. 

Fig. 8 shows bird’s_eye view of the array of analysers, which 



cons~ists of eight analysers and eight helium counters. Scattering 
sample is placed at the center. Shieldings and diaphragms- are not 
drawn. 

lJI.2 Sample container 
A cyIindr.icaI shape was adopted for the scattering sample, to 

assure identical geometrical conditions for every analyser mirrors. 
The typical dimensions of the sample are 14 mm diameter and 80 mm 
height. These dimensions were determined by the optimization 
condition calculated between the energy resolution and the counting 
efficiency. This type of sample container proved to be very useful 
for liquid samples, and it could be utilized for the spectrometer at 
a wide temperature range of from 20 K to ambient temperature. However, 
a plate shape was adopted for the scattering sample in a tunneling 
experiment, as shown in Fig. 9, and it was uti I ized for the spectromete’r 
at a wide,temperature range of from 5 K to ambient temperature, in which 
a Heritoran was used as the cryostat. 

III .3 Data acquisition system 
.The system consits of three parts, that is, microcomputer, time 

analyser, and read/write as in the LAM-40 spectrometer. Fig. 10 shows 
the flow chart of the data acquisition system of the LAM-80ET. 

IV. Performance 
IV.1 Resolution 

Fig. 11 shows diffraction peaks of mica and related crystals 
measured at the Bragg angle of 87” at the outlet of 31 m cold neutron. 
guide in KENS. The peak shapes of mica are excellent for the higher 
order reflections from second to fifth but those of pyrolytic graphite 
are not as good as mica crystals for three values of mosaic spread. 

Moreover, as can be seen from fig. 11, the background signal by 
stray neutrons scattered from the crystal is very faint in the case of 
mica. The reflections of mica from second to fifth are available for 
analysing the energy of scattered neutrons. Table 1 compiles the 
resolution (FWHM) of the’ spectrometer for each analysing energy. Here 
lK is the relative intensity of the elastic peaks for each analysing 
energy for KENS condition. 

Fig. 12 shows the measured spectra from vanadium using mica analyser 
of LAM-80 for E3 and ES analysing energies. The shapes of the spectra 
indicates tl-te usefulness of mica crystal anatyser in the measurements of 
faint quasielastic spectrum accompanying with a strong elastic peak. 

The LAM-80ET adopts the mirror of four times large size compared 
with that of the LAN-80. This me-ans that the intensity gain is four 
times and generally the resoI,ution is much worse. However, there is 
a solution, in which the intensity gain is four times compared with 
that of the LAM-80 but the resolution of the LAM-80 is conserved. 
Fig. 13 shows the typical results of the resolution function for each 
reflection from mica. The solid lines are the vanadium runs by t.he 
LAM-80 and the points are those obtained by the LAM-80ET. From this 
figure, we can see that the resolution for the LAM-80ET is almost the 
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same as that for the LAM-80. 

IV.2 lntensi ty 
Fig. 14 shows a comparison between the intensities obtaine’d by using 

the LAM-80 and the LAM-80ET. _The scattering sample was vanadium at 
dmbient tempei&ture.- The intensity was normalized by monitor: counts. 
We can see that the total intensity for the LAM-80ET is now eiiht times 
compared with the LAM-80 for each reflection from mica. 

It.3 Appl ication 
‘,‘. 

.: 

The LAM-80ET has been appl-ied to study a tu?n:e:!Iing p_heFomenon, 
a sol -gel trC,si t ion, a low en’ergy excitation ifi; &morph.ous.poIymers, 
and others. As a typical exampyle, fig. 15 shows $he tunnel I ing 
spectrum of N-ox’y r picol ine measured by the LAM-8O.kT at 5K. The 
energy resolutions-for these exp+eriments are about’C5-0(down) and 161r eV 
(,up>, respectively. Fig. 16, shows the temperature ‘dependence of the 
tunnelLing spectra of the same sample. We can easCl y keen that 
the tunnelling phenomena is observed the temperature goes down. 
Furthermore, k”prelimin&ry experimemnt for the,energy,reso!ution of 
1tieV has been tryed. Fig. 17 shows a typical result for N-oxy 7 
picoline using the (002) reflection. The measuring time was about 
17 hours. Mor<eover, the counting rate and the resolution of the- 
LAM-80ET have, been confirmed to be comparable to those of I RI S at RAL ’ 
(see Table 2). .. 

V . Data analysis 
As seen from eq.1, the measured neutron spectra are not simply 

related to the cross section of the sample as iri the case of direct 
geometry facilities. Instead, rthey are expressed as the results of 
complex double convolution integrals related to the scattering function, 
the time structure of incident neutron pulse and the resolution of the 
analyser mirror. We are developing a data reduction program (QUESA-80ET 
code) for the determi n,at ion of the scattering functions: ffom measured 
spectra which consists of procedures for,curve fitting of the spectra 
and hypothesis testing of the a’ssumed scattering- functions.. 

The measured spectrum is compared,with calculated one in the data 
analysis by using QUES&-8OET code. ihe time-of-flight spectrum of 
scattered neutrons is actually ex’pressed as a form of double integrals 
with respect to El and.En. ln QUESA-80ET code, however, integration 
for the time-of-f1 ight spectrum r) (.t, 0 ) is simply performed as fol lows 

r) (t,e) = const ,!‘Y(t, & ) S(Q, E; Id& , (9) 

where S(Q,& > is the scattering,‘function, Q is the average scattering 
vector and Y(t, c ) is, the effective resolution function given by 

Y(t, c )= J @ (E2+d ,t-12/(2E2/m)1’2)(E2~(E2+E ))““R(Ez)dEz. (10) 
For data analysis of quasielastic scattering, it is essential that 

multiple scattering corrections be assessed as accurately as possible 
by consider i ng energy t.ia$sfer ,ahd angoi ar ‘depecdency. Some computer 
codes have been written for the’ multiple scatteri’ng calculations. 

Information about neutron pulse structure is necessary to calclrtate _ 

the effective resolution function Y(t,z ). Fig. 18 shdws a 
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Table 1. Parameters for each reflect on 

EK (mev') A &Kb d> 

l(OO2) 0.20 1.2 
2(004) 0.83 5.5 0.08 
3(006) 1.86 16 1.0 
4(008) 3.31 31 0.32 
5(0010) 5.18 39 0.74 
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Table 2. A comparison of total performance between IRIS and LAM-80ET 

POSITION 

Relative 
Gain of 

IRIS 
against 

LAM-SO 

LAM-SOET IRIS 

Proton Beam Energy (McV) 750. 

Current Q.tA) 100. 

Proton per pulse (p.p.p.) 1.3 x1013 
frcqucncy (Hz) 50. 

Modcntor Materials LiquidH2 
Tcmpcratu m (K) 25. 

Type Cd dccouplcd 

source 

1.7 

20. 

500. 

1.2x:.012 
20; 

Solid CH4 
20. 

decoupled 

I/8 

4.25 

Chopper 

sub tolnl 

Window Ah (A> 
Frcqucncy (Hz) 

2. 
50.-10. 

(62.’ disc at 6.4m) 

8. 

20. 1. 

Guide Tube cut orf(A) 
Option 

1.5 
Super Mirror 

Converging Guide 
2.8 

4. 
None Guide 

d 

Flight Path 

Bcnm Size at 
Sample Position 

LI (m) 

(B mm X lvmm) 

(Source to Snmplc) 

L2 (m) 

sub total 

(Sample to Counter) 

35.X25. 50.X20. 

2.8 

36.54 26.3 

1.47 1.2 
(0.83+0.63) (0.60+0.60) 

Analyzer Mirror Arca (llcm X Wcm) 
Solid Angle (Sr) 
Crystal 
Rcflccdon Index 

(6.X225.) 
0.196 

(002).~~).(006) 

(49.X16.8)X8 
1.83 

Mica 

:002),(OW,(OO6), 
.(008),(0010) 

80. 
Horizontal 

Energy Focussing 

l/9 
3.0 Spcctfomctcr 

Bragg AT9 (OB) 
Type 

87.5 
Vcrticnl Energy 

Focussing 

sub total l/3 

4.0 Total Gain 
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preliminary data of pulse structure of cold neutrons from pulsed so.uu-rce 
at the outlet of 30 m guide tube. Fig. 18 shows the spectrum from 
vanadium and it is used to confirm the accuracy of the calculated 
effective resolution function in the case of z= 0. As seen from eqs. 
9 and 10; Y(t,O) has a pulse shape which equals exactly to the one of. 
eIastic.aI ly scattered neutrons. 

VI. Conclusion 
The LAM-80ET described herein has demonstrated a satisfactory 

performance, and it has also shown the usefulness of the 20 K.methane 
pulsed cold source. This instrument can be used effectively to study 
diffusive phenomena in detail by quasielastic scattering. 

We are very much indebted to the many persons who have contri.buted 
to the performance of the LAM-80ET. It is a great pleasure to thank, 
in particular, Prof. N.Watanabe, Dr. A.lnaba, Dr. T.Takeda, and 
Dr. C.J.Carlile. 
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Q(A.D.Taylor): What is the width of the INELASTIC tunneling feature in N- Oxy-ypicoline taken with 1 peV 
resolution. 

A(Y.Izumi): The S/N of the data in the present preliminary experiment is insufficient to estimate the width. 
Q(R.Pynn): Is the secondary spectrometer evacuated? 

A(Y.Izumi): Yes, it is evacuated by a rotary pump to lo3 mmHg. 
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REPORT OF SESSION ON “TOTAL PERFORMANCE P. A. Egelstaff 

The phrase “total performance” has become a key one at this meeting, although in this session 

we were concerned only with its interpretation for neutron scattering instruments. Our program says 

‘The performance of an instrument should be characterized as a whole system including accelerators, 

neutron source, instrument itself, sample environment, data acquisition and analysis system, etc.” If 

we use this idea to characterize an instrument, then weaker sources have a chance to be competitive 

with the stronger sources because the instrument is assessed from the point of view of the 

experimentalist and the use he or she wishes to make of the data. 

The six speakers discussed different instruments from this point of view. Drs. Watanabe and 

Izumi discussed LAM-80ET and how it had been improved and optimized to give a total performance 

similar to IRIS on a much stronger source. Very large mica crystal analysers were developed and 

used on LAMSOET. Dr. Taylor discussed the present status of MARI and showed how its design 

had been optimized. Examples of early data were shown, and he felt that MAR1 could cover the 

work done by HET and LRMECS in one package. Later he spoke of the advantages of using two 

target assemblies on one source. Dr. Carpenter discussed how the resolution of pulsed source 

choppers could be improved and hence improve total performance. He used HRMECS as an 

example and described the improvement possible with the new design. Dr. Pynn discussed how small 

angle scattering instruments on reactors and pulsed sources should be compared, and emphasized the 

advantages of the wider Q range and wavelength scanning available at a pulsed source. From the 

point of view of total performance LQD was comparable to Dll. Dr. Furusaka also discussed small 

angle scattering work at a pulsed source, and he reviewed the effects of varying path length, 

moderator temperatures, and other parameters on performance. Intensity at low Q should be 

optimized to improve total performance. 

The six speakers discussed numerous different parameters, and while a full report of their 
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ideas cannot be given it is useful to list the items they considered in two categories. These are list 

A of hardware items and list B of data quality matters. 

A- Hardware Items to be Considered 

Accelerator Parameters 

Target and moderator parameters 

Local Shielding and Voids 

Geometrical Parameters, e.g. collimation, beam size, paths, etc. 

Devices e.g. choppers, guides, crystals, filters, etc. 

Detectors, etc. 

Backgrounds, including crosstalk, spurious effects, etc. 

Other spectrometer parameters 

Costs and labour 

B, Data Oualitv Concerns 

Intensity per variables of interest (e.g. time) 

Signal/Background ratio, and absolute background 

Background from expt. components (e.g. Al windows) 

Resolution per variables of interest 

Experimentally adjustable parameters (compared to fixed parameters) 

Quality of instrumental checks 

Ancillary Equipment - installation and operation 

Convenience of operation; data taking and analysis 

Costs and labour 

With the help of such lists the concept of ‘total performance’ may be discussed in greater 

detail. First the experimentalist should define an ideal matrix [B] for each experimental case under 
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consideration. Let one of these matrices be called [B’]. A “good total performance” would then 

consist of adjusting the matrix [A] in order to cause a given [B] to move significantly towards [B’]. 

There maybe several roughly equivalent ways of doing this, and if so the one selected should minimize 

the costs and labour. The best example of this approach given in this session was the description of 

the development of LAM80ET. However in the other instrument sessions other examples were 

given, such as the design of SANDALS. 

At the end of the Total Performance session the speakers formed a panel to discuss this topic. 

A wide ranging discussion was held, and some of the points made follow. It is easier to succeed when 

a few parameters stand out as being more important than the others (so that matrices [A] and [B] 

are small). Also new technical improvements which permit a bigger range of some parameters can 

alter an established picture, for example new guides, very large monochromators, better reflectors, 

etc. One speaker called for improved chopper designs for pulsed sources which would allow the more 

intense (but wider) pulses from large hydrogenous moderators to be exploited more effectively. Some 

radical questions were proposed, such as “when is it better to spend money on instruments, 

moderators etc. to improve total performance rather than on the purchase of higher power 

accelerators?” It was agreed that the concept of total performance should be explored further and 

ways of applying it to various experiments clarified. Finally it was suggested that a follow up session 

be included in the next ICANS meeting. 
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FIRST RESULTS FRbM THE UK-JAPANJ23E SPECTROMETER MARI I 
k D Taylor*, M Arai*, S M Bennington*, 2 A Bowden*, R Osborn*, K Andersen+, 
W G Stirling + , T NakaneO, K Yamada and D WelzO 

*ISIS Facility, Rutherford Appleton Laboratory, Chilton, Didcot, Oxon 0x11 OGX, UK 
+Departmen t of Physics, Keele University, Keele, Staffordshire 
OTohoku University, Aoba-ku, Sendai 980, Japan 

ABSTRACT ~ . .: 

The commissioning and preliminary scientific results from the MAR1 spectrometer at ISIS 
are reviewed. 

I. INTRODUCTION 

The MAR1 spectrometer is funded by the Ja anese Ministry of Education, Science and Culture 
(Monbusho) as part of the UK-Japan Colla B oration in neutron scattering. This collaboration, 
initiated in 1986, was the creation of the late Professor Yoshikazu Ishikawa. The name of the 
spectrometer, MARI, is the Japanese,for ‘Truth’ and also the name of his daughter. It is 
appropriate that Professor Ishikawa’s pivotal role in the UK-Japanese collaboration should be 
remembered in this way. The spectrometer was inaugurated by his widow, Mrs Hiroko 
Ishikawa, in a moving ceremony at the Rutherford Appleton Laboratqry on 16 November 1990. 

Figure 1. Dr Paul Williams (Director_ RAL), Mrs Hiroko Ishikawa and 
Sir Mark Richimond (Chairmaxi,SERC) at the MARIInaugur+ion. 1 : 
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The design concept (see Figure 2) is based on the highly successful HET spectrometer at ISIS 
and shares much of its technology. A 30 cm rotating nimonic chopper is used to attenuate fast 

. neutrons produced at the moment when the 
monochromatic beam is produced by phasing a hig K 

rotons hit the target. Subsequently, a 
speed Fermi chopper to the pulsed source. 

A wide variety of choppers (interchangeable with HET) are available with characteristics 
optimised for incident energies from 20 to 2000 meV The beam at the sample position is 50 x 50 
mm2 with an intrinsic resolution of 1%. The vertical detector array is divided into a low angle 
bank and eight higher angle windows which together give an extensive and continuous angular 
coverage from 3’ to 135’. The low angle bank (3 -12 ) has a complement of 128 high pressure 
helium detectors in an octagonal array. The higher angle windows have three strips each 
containing 32 detectors arranged where appro 
the full low angle array and the central strip o F 

riate on the Debye-Scherrer cone. Currently 
each window are installed. The highest angle 

window (120-135”) has its full complement of 96 detectors. Further detectors will be obtained 
as funds become available. 

Figure 2. Schematic layout of the MAR1 spectrometer 

After completion of the installation late in 1989, a hectic three-cycle commissioning phase 
began. Initial backgrounds were soon reduced to the levels attained on HET and the 
characteristics of MAR1 were thoroughly explored. This phase has been highly successful, due to 
the dedicationand hard work of the excellent MAR1 team, and the spectrometer was made 
available for scheduling for the latter half of 1990. Proposals were considered by three 
Experiment Selection Panels (ESPs): Liquids and Amorphous Systems, Excitations and 
Momentum Distributions, and Molecular Spectroscopy, reflecting the broad appeal of the latest 
ISIS spectrometer. The ESPs showed excellent judgement in selected a broad and balanced 
programme for an already significantly oversubscribed instrument. The first six months of the 
experimental programme have borne out the fact that MAR1 is a world class instrument, 
destined to make a significant impact in condensed matter science. 

II. EARLY RESULTS 

The advantages of having MAR1 view the 100 Kliquid methane moderator were confirmed. The 
monochromatic lineshape is significantly improved in the 50 -150 meV region and incident 
energies down to 20 meV are now possible with good flux. Such low incident energies provide 
excellent absolute resolution for studying low energy excitations such as the crystal field 
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transitions in doped superconductors. The pairing mechanism in these ceramic superconductors 
has been explored by studyin 
transitions, Figures 3(a) and 3(b f 

the temperature dependence of the linewidths of these 
. 

1; I2 13 14 1; 
Energy Tronsfw (meV I 

Figure 3(a). I4 and I;! transitions in 
Tm:YBa2Cu307_X, measured at 20K on 
MARL The dashed line represents 
the instrument resolution. 

Figure 3(b). Variation of linewidth with 
temperature of the I4 transition in 
Tm:YBa$u307,. 

The advantageof the *de and continuous angular cover available on MAR1 is well illustrated by 
a commissionm 

! a severe test o 
expertment on helium. Final state interactions in Bose condensed 4He provide 
our understanding of this simple fluid. These manifest themselves as an 

oscillatory behaviour in the constant Q width of the dynamical structure factor S(Q,c) and have 
been observed by triple-axis spectroscopy, but with .poor resolution. Previous measurements 
usin 

‘i 
the high angle bank on HET required a different incident energy for each Q. Al though the 

reso ution was excellent, there was some difficulty in interpolating to constant Q from the 
limited available angular range and since many energies were required, statistics were poor for 
any given data set. A single measurement on MARI using an incident energy of 250 m V 
provrded an S(Q,E) surface (Figure 4(a)) from which constant Q data ranging from 4 to 16 1 -l 
have been obtained with high accuracy, in which the oscillatory behaviour can clearly be 
observed (Figure 4(b)). 

4He Q dependence of Width 

.” 

Q (4-I) 

Figure 4(a). The S(Q,E) surface for 
He at lSK,accessible with 250 meV 
neutrons. 

Figure 4(b). Oscillations in the width 
of the structure factor in He at 1SK. 
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III. RANDOM NETWORK GLASSES 

In the-absence of a regular lattice, the dynamical structure factor gives unique insight into the 
correlations between structure and d 

lY 
amics in glassy materials. Pioneerin 

National Laboratory’s IPNS facility ave until now represented the state o ! 
studies at Argonne 
the art in this field. 

The superiority of MAR1 in resolution and intensity should provide high quality data which may 
prompt new extensions of the theory and aid a better microscopic description of non-crystalline 
materials. 

During commissioning, a reliminary S(Q,e) measurement was made on the tetrahedral oxide 
glass SiOz. These data, o g tained in only a day, are shown in Figure 5(a) on an absolute scale. 
Integration over energy at constant momentum transfer gives the static structure factor S(Q) and 
a good check of the quality of the data through this zeroth sum rule, Figure 5(b). The average 
vibrational density of states obtained from these data are also shown, in Figure 5(c). Fine 
structure is seen around 50 and 150 meV, suggesting the existence of the saturated non-bridging 
oxygen’on the cluster surface. These results bode well for future high statistics experiments 
which will probe the Q dependence of these excitations and lead to a sophisticated discussion of 
the microscopic behaviour of such random network glasses. 

Figure 5(a). The S(Q,c) 
surface for SiOz. 

Figure 5(b). S(Q) for SiO2. Figure 5(c). Density of states of G(c)for SiOz. 
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IV LOCAL MODES ,IN LUH 
I ., 

+4RT looks certain to_ have- a significant impact on many aspects of vibrational spectroscopy 
mcludmg the -study of the local modes in.metal hydrides. Until now, these studies have been 
constrained as both.HET and .TFXA offer only a limited Q range at any one spectrometer 
setting. MAR1 has the momentum transfer range to follow accurately the rise and fall of 
intensity due to the Debye-Wailer factor and hence to help determine the assignment of 
observed features. In rare earth - hydrogen systems such as LuHo.1, the effects of the hexagonal 
lattice amsotropy on short range order and the vibrational spectrum of hydrogen can now be 
studied. Figure 6 gives data from MAR1 and indicates the more limited range available on HET 
and TFXA. 

Figure 6. The variation of 
intensity with Q for the 100. meV 
and 134 meV modes in LuI50.i. 

.$ 

The more restricted range of 
h 
+ 

both HET and TFXA are 
indicated. 

l! ANTIFERROMAGNETISM 

-HHET 

The potential of time-of-flight spectrometers for the study of excitations in low dimensional 
systems has been well illustrated by the first MAR1 experiment on single crystals. The covalent 
chains of iron:centered, edge-sharing sulphur tetrahedra in ISFeS2 order antiferromagnetitially 
in one dimension. Earlier magnetic measurements implied that the spin-wave spectrum would 
be very steep. This was indeed found to be the case with the spin wave dispersion extending to 
more than.200 meV, Figure 7. The one dimensional nature of the problem means’that. all of the 
detectors m the MAR1 low angle-bank can be summedtogether. The entire dispersionsurface 
was mapped out using several incident energies in only a few days. 

Figure 7. The dispersion of the 
antiferromagnetic spin waves in 

2oo 

the quasi-one-dimensional 
system KFeS 

2 
3’ For a crystal of & 

volume .3 cm , each scan was w 
collected in 1 mA-hr. 
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In the two-dimensional S = 1 antiferromagnet LazNiOh, well defined spin waves were observed 
to energies above 100 meV (Figure 8). With the a 
dimensional nature of the scatterin 

k 
could be exploite B 

propriate crystal orientation, the two 
to great effect by dlrectmg the rod-like 

scattering into the horizontal ban . These detectors were summed to give the signal and 
simultaneously the vertical part of the array could be summed to give a measure of background. 

Figure 8. The dispersion of the 
antiferromagnetic spin waves in 
the two dimensional system 
LazNiOa. 

4 
1 2 3 4 s 

q2D(r.l.u.) 
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Q(N.Watanabe): What was the major difference in resolution between HET and MAR1 for measuring crystal field 
line broadening in Tm l-2-3 compound? I think there is no difference in moderator pulse width for Ei-25 

meV. 
Was there any advance in scientific results with MAR1 compared to HET? 

A(A.D.Taylor): At low energies, the resolution is comparable. The large solid angle at low angles on MAR1 
provides a significant intensity increase, however, on MARL At this time, HET was fully scheduled: available 
for test experiments. 

Q(R.Pynn): What type of detectors do you use on MARI? 
A(A.D.Taylor): 2.5cm diameter, 3Ocm long IOatm, 3He from Reuter-Stokes. 
Q(R.Pynn): How does MAR1 compare with IN4 & Ml? 
A(A.D.Taylor): IN4 always-will always win-if all you care about is intensity. For resolution, MAR1 is 

competitive down to, say, 20 meV. If you can use INl, do so. If not (because of energy, resolution, S/N) use 
HET / MARL For 1 and 2D systems, MARI is very effective even at 50 meV. 

Q(H.Tietze): Does the vertical scattering plane of MAR1 have any influence on the resolution and performance of 
the instrument with respect to an assumed horizontal scattering plane? 

A(A.D.Taylor): No basic influence on resolution, however, worse background from top in lighting and sample 
environment, which is in general designed vertical for horizontal scattering plane. 
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IPNS Chopper Spectrometer Improvements 

J. M. Carpenter and C.-K. Loong 
Argonne National Laboratory 
9700 S. Cass Avenue 
Argonne, IL 60439 

Abstract 

We report the status of the IPNS chopper spectrometers and describe a number of projects 
underway and planned for their improvement. 

I. Status of IPNS Chopper Spectrometers 

Three chopper spectrometers are working at IPNS, the Low Resolution Medium Energy Chopper 
Spectrometer (LRMECS), the High Resolution Medium Energy Chopper Spectrometer 
(HRMECS) and the Pulsed High Energy Neutron Inelastic Chopper Spectrometer (PHENlCS). 
LRMECS and HRMECS are. general purpose machines and have operated as user instruments 
since 1982. Built in 1986, PHENICS was designed explicitly for and is used mostly for deep 
inelastic scattering; that is momentum distribution studies, and is equipped with a dedicated 
dilution refrigerator to enable studies of quantum fluids; it is operated by a Participating Research 
Team. Table I summarizes the essential features of the IPNS instruments as defined in Figure 1. 

Table I 
IPNS Chopper Spectrometer Parameters 

Instrument dl,m d2,m d3,m AE/EO + 

LRMECS 7.0 1.1 2.5 6-8 % -loo to -2O, 2O to 120° 

HRMECS 12.7 1.1 4.0 3-4 % -20’ to -lo, lo to 20°, 87’ to 140’ 

PHENICS 12.6 1.0 2.5 4-5 % 57’ to 62’, 

3.8 3-4 % 135O to 145O 

Choppers are available which nearly optimally provide neutrons with incident energies between 5 
meV and 2 eV and are fully interchangeable among the instruments. . 
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DETECTORS 

Figure 1. Schematic dia,oram of a pulsed source chopper spectrometer. 

II. To Choppers 

The intense flash of fast neutrons that occurs at the time of the accelerator pulse (To) increases the 
background of neutrons in the scattered neutron detectors and is principally responsible for the 
personnel radiation background around the monocbromating (“Eo”) choppers. To reduce these 
effects, we are installing auxiliary “TO” choppers before the Eg choppers which are phased to be 
closed at the time of the prompt fast neutron pulse and open rapidly to pass the desired neutrons. 

Neutrons 
4 

Figure 2. Schematic drawing of a To chopper. 

The drive, control and support systems of our To choppers are of basically of the same design as 
those of the Eg choppers, but the choppers have a wide, tapered, keyhole-shaped opening, as 
shown in Figure 2. For choppers of this form the fraction of the beam area that is open is a 
trapezoidal function of the time, although the fraction of the beam that penetrates the chopper is a 
more complicated function. Figure 3. illustrates the action of the To choppers. For the case 
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shown the EO chopper is rotating at 210 Hz and the TO chopper is turning at 90 Hz,.optimal for 
100 meV neutrons which the system is phased to select. 

TO choppers also reduce the number in the incident beamof fast and epithermal delayed neutrons 
which are emitted continuously; between source pulses. These can pass through the Boron fiber- 
Ahuninum slats in the EO choppers twice each revolution, and contribute to the background during 
the useful time interval at the detectors, roughly 3000- 6000 microseconds. 

TO 
Neutron TOF (microseconds) 

Figure 3. “Neutron time schedule” showing the actjon of a “TO” chopper in HRh4ECS. 
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III. LRMECS 

Figure 4 shows the present configuration of the Low Resolution Medium Energy Chopper 
Spectrometer. In our recent efforts we have moved the EO chopper about 1 meter farther from the 
source to provide space for the TO chopper and have improved the shielding around the EO 
chopper. We have begun design of an optional high resolution chopper and accompanying tighter 
(20’ divergence) Soller collimator along the lines described elsewhere in these Proceedings, to 
provide energy transfer resolution AE/EO = 3. - 4. % in LRMECS. The same new chopper will be 
able to be used in HRMECS. 

s0k 
Colllm~tor 

Hydrogonou8 
l hI*ldlng 

DotactOrS 

Figure 4. The Low Resolution Medium Energy Chopper Spectrometer. 
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IV. HRMECS 

Figure 5 shows the configuration of the High Resolution Medium Energy Chopper Spectrometer. 

The intermediate angle flight path between 20’ and 85’ does not exist; efforts are underway to 
install the intermediate angle flight path. We have provided a well shielded position f0r.a TO 
chopper and work is underway on its design and fabrication. The high resolution chopper and 
optional tighter (20’ divergence) Soiler collimator will provide optional energy transfer resolution 
AE/EO = 1.5 - 2 % in HRMECS. 

Figure 5. The High Resolution Medium Energy Chopper Spectrometer. 
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V. PHENICS 

Figure 6 shows the present configuration of the Pulsed High Energy Neutron Inelastic Chopper 
Spectrometer. The sample position is equipped with a dedicated 3He dilution refrigerator. The TO 

chopper has been in routine operation for more than one year. The low angle, 60’ detector bank 
has recently been installed, which has mainly been used (without the m chopper) for diffraction 
analysis of cryogenic polycrystalline samples and enables deep inelastic scattering studies of 
hydrogenous materials. 

Figure 6. The Pulsed High Energy Neutron Inelastic Chopper Spectrometer. 

VI. Summary of IPNS Chopper Spectrometer Improvement Projects 

We are designing and preparing to install optional tighter Soller collimators in LRMECS and 
HRMECS to provide higher energy transfer resolution in those instruments when needed. A TO 
chopper has been installed in PHENICS which operates routinely and provides considerable 
improvement in the personnel and detector backgrounds. TO choppers are being designed and will 
be installed in LRMEXS and HRMECS. The design of the long-needed intermediate angle flight 
path for HRMECS has been completed; the new flight path will be ready for-installation in about 
one year. New VAX station computers are being installed to replace the PDPll-34 Data 
Acquisition Computers in all the chopper spectrometers. We are evaluating high speed, magnetic 
bearing choppers to replace our prese,nt 270 Hz, hard bearing designs sometime in the future. 
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ABSTRACT 
The optimization with respect to intensity' and resolution 
of the new multi-disk chopper time-of-flight spectrometer 
NEAT at the Hahn-Meitner-Institut (HMI) is discussed. In 
this discussion the following instrument variables and 
parameters are relevant : 

incident neutron wavelength and its range 
chopper revolution rate ("tangential" speed of disks) 
pulse widths of the two principal choppers and their 
ratio 
lengths of flight path between pricipal chopper disks 
and from sample to detectors 
total solid angle covered by the detectors 
transmissions of various spectrometer components. 

It.is shown, that a careful choice of parameter values, 
together with the minimization of neutron flux losses with- 
in the spectrometer, should allow to increase the intensity 
by at least an order of magnitude for given incident neutron 
flux and given energy resolution, as compared to existing 
spectrometers of the same type. The solution chosen for NEAT 
will provide a variable energy resolution at the detectors, 
which for elastic scattering is calculated to be in the 
range of 2 

t 
eVhA(kul62meV. 

I. INTRODUCTION 

In January 1985 the journal Physics Today presented on its frontpa- 
ge ,a photograph of the Institut Laue-Langevin's neutron guide hall 
showing at its center the blue-coloured neutron shielding of the 
multi-chopper time-of-flight spectrometer IN5. This instrument /l/ 
is known to be one of the most successful high-resolution cold- 
neutron spectrometers for the study of low-energy excitations in 
condensed matter. About one year earlier (in 1984) we had decided 
at the Hahn-Meitner-Institut (HMI) in Berlin to build a new instru- 
ment of this kind for the same class of neutron scattering,experi- 
ments. Obviously in this context the question arose, in which way 
such a spectrometer could be further improved regarding energy re- 
solution and intensity. 
in the present paper, 

An answer to this question will be given 
with reference to the multi-chopper time-of- 

flight spectrometer NEAT under construction at the HMI. 
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II. SPECTROMETER Principle-and Optimization 

Let us start by briefly discussing the spectrometer principle as 
illustrated in Fig. 1 for the case of IN5. The left-hand side of 
the figure schematically shows the geometrical arrangement: Four 
chopper disks rotating around a horizontal axis are aligned along 
a neutron guide. The first (Chl) and the last ,chopper (Ch4) are 
used to define the desired incident-neutron wavelength A0 by an ap- 
propriate phasing of their windows with respect to each-other. The 
remaining two choppers (Ch2 and Ch3) have additional filter func- 
tions required to achieve the monochromatization of the pulsed 
neutron beam and to avoid overlap in time of scattered neutron 
spectra due to consecutive chopper pulses. The nickel-coated glass 
guide connecting the choppers permits a transport of the neutrons 
from the first chopper to the sample (S) with very-little loss in 
solid angle. At the sample-the neutrons are scattered and then 
counted by a large number of detect,ors (D), .set up- at a distance 
of about 4m from the sample and at scattering angles from close to 
0' up to about 132O. 
The right-hand side-of Fig. l-represents - again schematically -oa 
time-of-flight/flight-path diagram of the spectrometer for I,= 6A 
as an example. .It illustrates the role of each chopper disk: Chl 
creates a "white" pulse which on its way quickly spreads in time, 
since it contains the rather large spectrum of neutron wavelengths 
(G&A 620% 

8 
provided by the combination of a cold source modera- 

tor an a slightly_curved neutron guide. At the location.of Ch4 
consecutive pulses would largely overlap.each-other, because the 
faster neutrons of each pulse would have overtaken the slower ones 
of the corresponding previous pulse, by the time they arrive there. 
Therefore a pre-selection,narrowing down the wavelength band,is 
performed at an earlier stage by Ch2, in order to make the.final 
monochromatization by Ch4 possible. Thus nicely tailored monoener- 
getic neutron pulses are leaving periodically Ch4 to be scattered 
at S. Scattering however transforms the pulses back into wide wave- 
length distributions reflecting the dynamics of the scattering sys- 
tem. The corresponding time distributions are generally so broad, 
that a new overlap problem arises at the detectors for spectra be- 
longing to consecutive pulses. This problem can be circumvented by 
reducing the chopper pulse frequency with the aid of Ch3, running 

at a lower revolution rate. The corresponding time-of-flight period 
P3 is an integer multiple of the original value P. 
The brief description of the IN5 lay-out given above represents a 
possible (and successful) solution for a multi-disk chopper t-0-f. 
spectrometer. The question, how the performance of such an instru- 
ment can be further improved, is answered by optimizing the spec- 
trometer with respect to intensity and resolution. For this purpose 
three basically different, but, to some extent interrelated problems 
must be considered:- 
i) Determination of optimum instrument parameter values on the basis 
of the fundamental relations between intensity and resolution on 
the one hand and spectrometer variables and parameters on the other. 
ii) Effect of boundary conditions-(mainly due. to space and budget 
restrictions) on the possible choice of parameter values. 
iii) Technical feasibility and optimization of spectrometercompo- 
nents, especially regarding their transmission. 
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Fig. -1 
Schematic drawing of the principle of a multi-chopper time-of- 
flight spectrometer (examp.le: IN5). Left-hand side: four chopper 
disks (Chl to Ch4) aligned along a neutron guide directing the 
beam to the sample S in the center of a large detector array D. 
Right-hand side: time-of-flight/flight-path diagram for AU= 68. 
The positions on the flight-path axis corresponding to the dif- 
ferent chopper disks, to the sample and to the detectors are in- 
dicated by horizontal lines. P- is the period defined by the time 
elapsing between consecutive neutron bursts of Chl. P3 is the 
period of the frequency reduction chopper Ch3. The hatched areas 
indicate the regions. covered by neutron pulses, as they spread 
in time during their flight. 

III. FUNDAMENTAL Spectrometer Relations 

For the discussion of the basic formulae governing the relation be- 
tween intensity, energy resolution and spectrometer parameters /2/, 
it is sufficient essentially to consider the two principal choppers 
which define the monochromatic neutron pulse. In the example of 
Fig. 1 these are the disks Chl and Ch4. Ch2 has no influence on in- 
tensity and resolution, because its pulse frequency, phasing and 
opening time are chosen such, that they do not prevent any neutrons 
of the wavelength band, to be selected by Ch4, to pass by the lat- 
ter. For similar reasons Ch3 does not affect the resolution;.it me- 
rely reduces the intensity by the same factor, by which it divides 
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the pulse frequency. This reduction factor can however be expressed 
by an approximation in terms of the selected neutron wavelength h 

between sample and detectors. Thus no parame- 
tit ~?~e~~~$~?a~% with Ch2 and Ch3 will appear in the spectro- 
meter relations. 
In deriving the formulae a number of assumptions and approximations 
were made. It was assumed that the mean width of each chopper win- 
dow is equal to the inner width of the neutron guide, at the loca- 
tion where the disk is rotating. This is exactly true in the case 
of IN5 and also for one set of windows of the NEAT choppers. Since 
the border lines of the windows are oriented in radial directions, 
all windows have trapezoidal shape, deviating slightly from the 
rectangular cross-section of the neutron guide. As a consequence 
all neutron pulses created by single chopper disks have close to 
(but not exactly) triangular shape in time. These distributions 
have been approximated by Gaussians, in order to simplify their 
convolutions and the determination of the resulting widths in the 
resolution calculation. In fact, even if the single chopper pulses 
had exactly triangular shape, this would be a very good approxima- 
tion. 
The duration of the time-of-flight period, P3 = N*P, is equal to 
the flight time of neutrons with the maximum wavelength A,,,, that 
is to be observed. P3 is therefore proportional to Jmax and to 

LSD' $ax 
is usually chosen roughly proportional to exact 

propor tonality is not possible, since for given P only 
23' 

iscrete 
values of P3 are allowed, N being an integer. The choice of N is 
dictated by the necessity to reduce the frame-overlap of scattered 
neutron spectra; nevertheless the value of N is not unique, since 
it depends to some extent on experiment-specific requirements. 
Therefore, in order to simplify the study of the general behaviour 
of intensities as a function of instrument parameters, P3 was re- 
placed by a continuous function proportional to the product 
z4 LSD' 
F%gher approximations concern the neglection of attenuation fac- 
tors due to losses in the neutron guide (imperfections of align- 
ment and reflectivity, gaps in the reflecting guide walls) and 
losses by absorption and scattering in the material encountered 
along the neutron flight path (rest gas, windows, sample holder 
and detector walls). This is justified, because such attenuation 
factors have relatively little effect on the optimum choice of in- 
strument parameter values; they are minimized independently by the 
available technical means (see below). For the same reason finally 
the effect of sample geometry (e.g. orientation) on the resolution 
has been neglected. 
On the basis of the above assumptions and approximations the rela- 
tions for the intensity and the energy resolution were obtained 
/2/. The intensity I at the sample2position, i.e. the number of 
neutrons hitting the sample per cm and second, is given by 

I = @(A,W*h2/(m21 
max ) (1) 

where @(3( ) is the differential neutron flux at the "monochromatic" 
wavelengt R ;\(, to be selected by the last chopper. We define @(A01 
as the number of neutrons arriving at the first chopper per unit 
of beam area, time and wavelength. This differential flux is al- 
ready integrated over the beam divergence allowed for by the guide. 
The factor F contains those spectrometer parameters, which are 
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relevant for the intensity : 

F = t1*t2 / ( L12’LSD. ) (2) 

Here cl and t2 are the "opening times" of the first and the last 
chopper, respectively, i.e. the full-width-at-half-maximum (FWHM) 
of the neutron pulses at the locations of these choppers. L12 and 
LSD are the lengths of the neutron flight paths between the two 
principal choppers and from the sample to the detector, respecti- 
vely; h is Planck's constant and m is the neutron mass. 

The energy resolution A(kti) of the spectrometer is the apparent 
FWHM in energy (at the detectors) of the spectrometer's response 
to a d-function peak in the double-differential neutron scattering 
cross-section : 

&kO) = &d*h3 / 1 LSD*m2*13 1 (3) 

Here 2 is the wavelength of scattered neutrons; afd, the time 
spread (FWHM) of the resolution-broadened d-function, is given by: 

Atd 
= ( A2 + B2 + c2 )1’2 / L12 

with A = JLaA*L12*m / h. (5) 

B = b-t where 
" b = ( L*s + LSD 

C = cat2, where 
C = ( L12 + L2S + LSD 

(6) 

(7) 

The term A is due to the uncertainty c(L in the length of the 
flight path, caused by beam divergence, finite sample size and de- 
tector thickness; the terms B and C represent the contributions of 
the chopper system, where L 
the two principal choppers E 

is the distance from the second of 
h4 in Fig.11 to the sample; the other 

parameters have already been defined above. 
We note, that calculations related to the same subject have been 
published earlier in a theoretical treatment of the resolution 
function of a two-rotor neutron velocity selector /3/. The resul- 
ting formulae for intensity and resolution differ however from 
ours. 

IV. OPTIMIZATION of Intensity and Resolution 

We wish to maximize the intensity I for any desired value of A(~cJ) 
within the accessible range of energy resolutions, for a given 
pair (2 ,A) of neutron wavelengths. At a cold neutron guide neutron 
flux is'available within the approximate limits 1&<1,&20% and 
scattered neutrons are then observable roughly in 1A-r A 6 24x. 
Intensity and resolution, given by expressions (1) to (71, are.the- 
oretically amenable to optimization via the variation of the spec- 
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Fig. 2 
The product of the chopper burst times ?Ylr2 as a function of 
where p= 
the 

Z /T2, 
& 

is peaked at lnpo t; 
intensi y at the sample. Examp!?e: 

zlt2 is proportional to 
lng, 

spectrometer IN5 for elas- 
tic scattering (2 =3\ 1, for fixed time resolution at the detec- 
tors, atd = 107.596s. 

trometer parameters L 
are of course some r&g;E?g;t% dke ' 

JL Z and Z2- In practice there 
to (sometimes trivial) boun- 

dary conditions. It is immediately evident, that the flight-path 
uncertainty dL and the distance L 
sample should be minimized. 

from the last chopper to the 
This ?sproves the resolution without 

any loss in intensity. To decrease JL one has to reduce the sizes 
of sample and detectors. In the case of L the possibility of 
minimization depends on the required ranggSof scattering angles 
and on the space needed for sample environment and shielding. Va- 
lues of the order of lcm for dL and lm for L2S (1.2m in the case 
of NEAT) have been realized. 
In choosing values of the parameters L and 2' we have 
to keep in mind, that the highest posse la* LSD' z; le resolutions senerally 
require long distances and short pulse widths (see eqs. (3) to (7)). 
Furthermore it is desirable to have access to a large range of 
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energy resolutions,- which- means that at least.some of these parame- 
ters mustbe variable. In the case of the spectrometer NEAT L 
has been fixed for theoretical: and for practical reasons at t e A2 
value of 12.lm, whereas L SD-is-'variable. within certain limits (LSD : - 
= 2.5m for about 400 He-3 detectors and ,4m& LSDs7.5m for a two- 
dimensional multidetector); 71 and Z2 can~be varied by factors of 
up to 80. Some technical details concerning.the. choppers will be 
given in the next Section.. .. 

. 
The question of optimization can'now be asked in two ways : 
i) which set of spectrometer,parameter values will maximize the 
intensity I for a given value of the resolution. &ho) ? 
ii)which set of spectrometer parameter values wkll minimize the 
resolution width b(hiJ) for a,given intensity I ? 
Both questions have the same answer, namely the following simple 
condition ]for the optimum of,the ratio P=,Zl/T2 of the two chopper 
opening times /4/ : 

‘. 

P opt = (Ll2 +.L2S +, LSD A33/,2 Q(L 0. 2s” T LSD??203) (8) 

This relation covers all elastic and'inelastic scattering experi- 
ments. We note, that it is independent of the flight-path uncer- 
tainty dL and of the pulse widths, '7Yl'and 7Y2. An analogous expres- 
sion, but for the special case of elastic scattering only (A= AO), 
has been mentioned~previously by another author, /5/. 

Let us now study th'e intensity, according to eq. (1) and see, how 
this behaves as a function of 9, when the.resolution is kept con- 
stant. Since the,intensity does not depend on the flight-path un- 
certainty -SL, ,we will neglect the term A in the expression (4) for 

at the detec- 

the chopper system). We will keep at 
is varied. 

fixed at this value, while? 
Since all parameters in tde expressions (1) and (2), 

except for 'Cl and T2, have been fixed,- it suffices to consider the 
product. 'Ci'C2, which is proportional to the intensity I at the samp- 
le. Starting from eqs. (4) to (7), the function Zir2 can be ex- 
pressed in terms of p : 

Plotted as a function of lnp; the intensity represented by (rlZ2) 
is peaked at the optimum opening 
eq. (8);as c an be seen in Fig. 

time ratio $) = yopt, given in 
2. Furthermore T-z is perfectly 

symmetric about this,value which is p = 2.1875l 2' in our example. 
In the case of the chopper system con%!sered (with equal beam 
widths and-windows for both principal choppers) the phasing re- 
quirement only permits'the use'of integer p values.- It is there- 
fore more interesting to examine (rlr2) atp=2. This is so close 
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Fig. 3 
Product of the chopper burst times ?ZiZ2 as a function of ln$J for 
the spectrometer NEAT with A0 = 2, sample-detector distance LSD= 
7.5m and time resolution t\td = 36.1 p. 

to the peak, that the intensity gain is almost the same as for 

130Rt' 
namely about 32% (gain factor: 1.321, as compared to the 

co ventional example of operation mentioned above, with rl=Z, at 
15000 revolutions/minute. This means that in our example about 
32% can be gained in intensity at the sample, with no loss in 
energy resolution at the detectors, if the first chopper is rota- 
ted at 9242 rev./min and the last chopper at 18484 rev./min ra- 
ther than both at 15000 rev./min. It is interesting to note, that 
this gain is independent of the wavelength A0 and of the flight- 
path uncertainty JL. If the latter is also taken into account, the 
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Optimum burst-time ratio (3 
NEAT as a function of 

= (.7/r Iopt of the spectrometer 
scat e @ed nehtrzn wavelength 2 , with in- 

cident neutron wavelength 20 and sample-detector distance L 
as parameters. L 

12 = distance between the two principal 
SD 

choppers, L 
2s = distance from the last chopper to the sample. 

intensity curve shown in Fig. 2 is only renormalized, but neither 
changes shape nor peak position. 

A similar calculation carried out for the spectrometer NEAT 
12.lm, L2s= 1.2m, largest sample-detector distance L 

(L12= 
= 7.5m) 

in the case of elastic scattering yields the curve o HDFig.3. Here 
the best possible time resolution at the detector - when, as before, 
the term A is neg,lected - corresponds to Atd = 36.1~s. The integer 
value closest to 

$opt 
=2.391 is 13=2. In this case the intensity gain 
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relative to the case?=1 is about 38% (gain factor: 1.381, at the 
same energy resolution. 

The behaviour of the optimum opening time ratio p in the gene- 
ral case of inelastic neutron scattering is illus?!?$ted for NEAT 
in Fig. 4. Here Q is plotted for three different sample-detec- 
tor distances (L Opi 2.5m, 4m and 7.5m) as a function of the scat- 
tered neutron wasglength a, with AO'as a parameter. It is easily 
seen, that the limiting 
which is independent of 

at A=0 is (L12+L&tL2S;o_ 

wards 1, independently of 

To conclude this Section, we consider an exgmple cf inelastic scat- 
tering on the spectrometer NEAT, with Ao=lOA, 2=6A, LSD=7.5m. This 
corresponds to 
and E are the energies of incident and scatteged neutrons and 

Eo-0.8meV, E-2.2meV, kw = E-E -1.4meV, where E. 
k~ 

is the energy gain of the latter. In this case po t=5.291 and at 
the closest integer value,(3=5, the intensity gaiR factor is ~2.74. 

V. CHOPPERS, Neutron Guide and Detectors 

One of the origins of the limitation in energy resolution of a 
chopper time-of-flight spectrometer is the limit of mechanical re- 
sistance of the disk material, since highest resolution (corres- 
ponding to minimum values of 7Yl and Z 1 is obtained at maximum 
chopper velocity. The latter is effec ively doubled, if the first z* 
and last (single disk) choppers (Chl and Ch4 in Fig. 1) are re- 
placed by coun_ter-rotating pairs of disks /6/. NEAT has therefore 
been provided with this feature. The disks are made of a high- 
strength aluminium alloy and magnetic bearings are used, in order 
to achieve high phasing stability and reliability in operation. 

In addition, in order to further improve the resolution, we have 
foreseen the possibility to use a built-in opening time ratio of 
13=2, especially at the highest velocity of both principal choppers 
(20000 rev./min), since this value of 13 is an excellent choice for 
low-energy-transfer experiments, where the highest resolution is 
needed (see Sec. IV). The (P=2)-operation at highest resolution is 
achieved using a double-trumpet beam compressor /7/ at the last 
chopper (pair). This reduces the beam width at this location by a 
factor 2, while the flux integral over the beam cross-section is 
essentially conserved. On the-other hand, in the lower-resolution 
regime, 9 can also be varied by changing the chopper velocities 
and/or by using different chopper windows. Fig. 5 shows a schematic 
illustration of the last pair of chopper disks; each disk has three 
different pairs of windows, the narrowest ones of which have the 
same width as the guide; in the lower part of the figure the disks 
are shown, looking at their faces opposite to the respective chop- 
per drives. A particular pair of windows is selected by an appro- 
priate choice of the phase relationship between the members of the 
chopper pair. If windows larger than the guide are used, the eqs. 
related to the resolution given above have to be modified slightly, 
since the Gaussian convolution approximation mentioned in Sec. III 
is then not applicable. This subject will however not be treated 
here. 

Since the transmission of every chopper enters into the final in-. 
tensity, we have chosen to use very thin disk choppers with open 
windows (transmission = 1) produced by cutting slits into the disk 
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NEUTRON GUIDE 

Fig. 5 
Schematic drawing of the last pair of chopper disks of the.spec- 
trometer NEAT. Above: vertical cut showing, how the disks are 
placed in slots within the upper part of a divided neutron 
guide. Below: each disk has 3.different pairs of windows: ar- 
rows indicate the sense of rotation; the face opposite to the 
chopper drive is shown for each disk. 

edges. These disks run in narrow slots (transmission better than 
0.99) cut perpendicularly to the beam into the neutron guide' 
(Fig. 6). In order to avoid unnecessary losses, it is important to 
minimize gaps (i.e. 
needed for 

interruptions) in the neutron guide, 
inserting chopper disks and other components, 

which are 

vacuum windows, shutters and monitors. 
such as 

The intensity loss-V due to 
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Fig. 6 
Vertical cut of neutron guide, drawn to scale, with slots in 
which the chopper disks are running. The widths of the slots 
in beam direction, as wellas the thickness of the disks are 
made as small as possible, in order to minimize intensity 
losses. 

a guide gap is related to the beam divergence and is -therefore wa- 
velength dependent. It can easily be shown that V, expressed as a 
percentage of the neutron flux, is given. by 

v = 100*Gtg21"c(W+H-G*tg~/2) / (2WH) 
C 

(10) 
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Fig. 7 
Percentage of intensity loss due to interruptions in 'the neutron 
guide (guide gaps) as a function of the gap length, with the 
neutron wavelength 1 as a parameter. The curves apply. to the 
Ni-58 coated neutron guide section (with parallel walls) of the. 
spectrometer NEAT (beam cross-section: 30 X 55 mm*). 

where 
G 7 gap length in'beam direction. 

KC’ 
critical angle of total reflection of the material used for 
coating the neutron guide (,Ni-58 in the-case of NEAT) 

w= inner width -of the guide (beam width) 
H = inner height of. the guide (beam.height.1 
For geometries occurring in practice V is an almost linear, function 
of G. In Fig. 7 this is shown.for a number of different neutron, 
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wavelengths for the parallel-walled guide of -NEAT. An arrow points 
at the value of the total gap length (84mm) in the case of NEAT, 
which is due to the insertion of 7 chopper disks with minimized 
thickness: here the fact, that a beam compressor is used at the 
last chopper pair, .was neglected. The corresponding flux loss is, 
for instance, about‘2.7% at>= 6A.and about 4.5% at A= loft. For 
the same wavelengths the theoretical loss values in the case of 
IN5 (4 chopper disks, total gap length 8Omm, but smaller beam 
cross-section) are 2.9% and 4.8%, respectively.cMuch larger loss 
percentages are expected in the case of the spectrometer MIBEMOL 
/6/, where the total gap length related to the use of 6 chopper 
disks amounts to 300mm. 

Last, not least, the connection between resolution, intensity and 
detector budget needs some consideration. Roughly-speaking the to- 
tal efficiency of the spectrometer increases with the total solid 
angle R,, that can be covered.with detectors, the energy resolu- 
tion improves with increasing sample-detector distance L 
as the total cost of the detectors is proportional to (dD:L 

wh re- 

HellumSL) 
e? 

Obviously some compromise has to be made. For the 400 3' 
detectors of the spectrometer NEAT we have chosen a distance LSD 
of 2.5m, which is fairly modest as compared to IN5 (where LSD 
is about 4m). This was done, in order to increase the total solid 
angle by a factor of about 2.5 for the given number of detectors. 
Thus an intensity gainfactor of 2.5 is obtained at fixed resolu- 
tion, since we have nevertheless conserved the energy resolution 
(for given chopper pulse widths) by choosing a relatively large 

L12 =12.lm between the principal .choppers (see eqs. (3) 

Another interesting feature of NEAT is the addition of a large two- 
dimensional position-sensitive detector (surface lm2) with variable 
distance, 4m G L' 6 7.5m, 
tances for highes '!-l-es01 

in order to be able to reach larger dis- 
ution experiments. This multidetector can 

be used at all scattering angles from 0' (small-angle-scattering) 
up to 134O. It increases appreciably the accessible range of A(ho) 
and thus the flexibility of the spectrometer; e.g. for elastic 
scattering energy resolutions over three orders of magnitude 
( 2tev - L Aku k 2000teV) will be available. 

VI. CONCLUSION 

In the present paper we have d.iscussed the optimization of a multi- 
disk chopper time-of-flight spectrometer regarding intensity and 
resolution. Our considerations have led to the concept of an im- 
proved version of this type of instrument. It has been the basis 
for the development of the new spectrometer NEAT, which is being 
installed at the Hahn-Meitner-Institut in Berlin. 

For the evaluation of the improvement achieved it is useful to con- 
sider intensity gain factors at constant energy resolution. Ob- 
viously it is not possible to define one single factor describing 
the total gain for all experiments, since gain factors depend on 
the incident and scattered neutron wavelengths and on a number of 
instrument parameters varying from case to case. One can however 
obtain some insight by summarizing the pertinent results discussed 
in Sections IV and V : 

1. In an example of elastic scattering using?=2 (rather than the 
conventional value y=l) we obtained a typical gain factor 1.38, 
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whereas in an example of inelastic scattering the gain factor was 
2.74. 
2. Once a chopper disk r&s at the-highest -possible velocity, a 
further reduction in the neutron pulse width L for instance by a 
factor 2 - 'is always possible by simply reducing the-width of the 
(parallel-walled) neutron guide and that of'the chopper window by 
the same factor. Obviously this method'(used .in the spectrometer 
IN51 causes a corresponding intensity loss. This kind of loss is 
avoided to a large extent'in the spectrometer ,,NEAT with the aid 
of a double-trumpet beam-compressor /7/ with real-space‘reduction 
factor 13=2. The avoided loss corresponds to a gain fiactor of about 
1.7; it is smaller than 2, ,because the transmission of the. beam- 
compressor is somewhat short of 1. 
3. In similar fashion we claim to -introduce an additional intensi- 
ty .gain factor of 2 ,.if the single.disk chopper is replaced for 
the purpose of .a further pulse-width reduction by a pair-of coun- 
ter-rotating disks /6/, turning at the same velocity ('rather than 
employing the detrimental method of pulse-width reduction, which 
consists in throwing away half of the beam). 
4. The minimization of neutron guide interruptions (total gap 
length of 84mm in the case of NEAT) also permits to decrease in- 
tensity losses; for instance at A= loft a factor of 1.12 is gained 
as compared to a case with a gap length of 300mm (.MIBEMOL). 
5. As compared to IN5, where slots were cut into the absorber coa- 
ting but not into the aluminium disk itself, we gain a factor of 
about, 1.0.8 by the use of open chopper windows. 
6. As compared to IN5 we have'shortened the sample-detector 'dis- 
tance for the 400 single detectors, but increased the distance be- 
tween the principal choppers: by doing -this we gain .a factor 2.5 
in intensity due to the corresponding increase in solid angle sub- 
tended by the detectors, while the resolution is kept (roughly) 
constant. 

Combining the above gain factors, we achieve - at fixed energy re- 
solution - a total intensity gain factor of.about 13 in the.examp- 
le. given for elastic scattering and about 26 in the inelastic 
scattering example. Thus we may conclude by stating, that the con- 
cept presented here represents an improvement by at least an order 
of magnitude over the design of the spectrometer we have realized 
almost twenty years ago. 

As a final remark I should like to note; tha't .the concept 'of 
described above was developed in'i984/85‘at the Hahn-Meitner- 

NEAT. 

Institut. Design work began in 1985. At the time of writing the 
present paper (end of 1990) most of the components are completed 
and the spectrometer is being installed at the BER-II reactor. In 
1988 I have communicated the essential points of this concept to 
our colleagues at the N.I.S.T. Labs. in Gaithersburg (USA), who 
had expressed interest in building a similar instrument. We have 
been informed , that this is now under way /8/. 
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The application of the crosscorrelation method on a pulsed white polarized neutron beam is discussed. 
The key to the method is to modulate the polarization of the incident neutron beam according to a 
pseudorandom binary sequence and to count the scattering events by using a two dimensional time 
analyzer. Based on this technique, the measurement of spin wave excitations in the ferromagnetic 
Heusler alloy Cu$InAl was performed on the PEN spectrometer at KENS, KEK. The experimental 
result shows that the combination of the pulsed white polarized neutron beam with the crosscorrelation 
method with polarization modulation is quite promising for the study of the magnetic response in 
various materials. 

I. Introduction 

Polarized neutron technique is a powerful tool for studying magnetism. It has been mainly 
developed for the monochromatic polarized neutron beams in steady state reactors. In implementing 
the polarized neutron technique at a pulsed neutron beam, it is especially important to utilize as many 
neutrons as possible, that is, to polarize incident neutrons in a broad energy band and to utilize all of 
them. The combination of the filter type polarizer and the crosscorrelation method at pulsed neutron 
sources is expected to be a good approximation to it. 

Crosscorrelation methods were firstly applied to neutron spectrometry at steady state reactors, 
where the monochromatic incident neutron beam is modulated in time according to a pseudorandom 
binary sequence (PRBS) using a disk type chopper*) or a spin flipper chopper2). The conventional 
TOF spectrum is recovered by crosscorrelation of the count rate at detector with the modulating 
sequence. This method was soon applied to the unpolarized white neutron beam in a pulsed reactor 
using a classical statistical choppers). The technique can be’ extended to polarized white neutron beam 
in pulsed neutron source, where the polarization of the incident neutron beam is modulated by using a 
spin flipper chopper whose driving current is modulated according to a PRBS.4) The aim of the 
present work is to show the feasibility of this technique.The principle of the method is briefly 
described in the next section. 

II. Principle of the Method j 

The polarization of the pulsed incident neutron beam is modulated by using a spin flipper coil 
whose driving current. is modulated according to a PRBS (SJ of period L, wbere Si = 0 or 1, which 
correspond to the neutron polarization anti-parallel or parallel to the guide field, and S~+L = Si. The 
sequence (Si) has the following auto correlation function: 

=( K o’=l,L+l,...) 
si ” W-l cK (otherwise) (1) 

K-l 
where K=.ksi, andc’wL 1. 

i=l 
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The polarization modulation is so controlled that the PBS pattern shifts by a step cyclically at each 
sequential counting frame triggered by the neutron burst. The procedure continues until one cycle 
shift of the PRBS is finished, and then it repeats a new sequence of the counting of scattered 
neutrons. In this way, the scattered neutron events are counted in a two-dimensional time analyzer, 
one time label of which is the total TOF tn. and the other is the counting frame number j (=l,..-,L) 
which corresponds to the shift number of the PRBS. Then, the count rate ljm is expressed as: 

=~i~Pi.I:,.(2~i+j_~-1) + kTm+b, (2) 

where Pi is the absolute value of the polarization of neutrons at the incident time channel i, and 

Ifm =I;, -Iym and T, = !&I~, +I;,) with 
i=l 

IP 

ti+At t,+& tj+dt t,+& 

i,m = j dt, j dt a,(t,,r ) and I;, = j dt, 1 dt a,(~,, t). 
t 

i tm t 
i tm 

If’i,m and I’i,m correspond to the count rates at the total time of flight channel 
incident neutrons with parallel and anti-parallel polarization, respectively, and 

within (pi, ti+dt). cr, and op represent the corresponding cross sections: 

oa( cl, r) = J 
2 d26+ 
dO:E-’ + dGdE’ ’ 

(3) 

(tm, tm+&) for the 
with incident time 

(4) 

where the signs indicate the spin states of incident and scattered neutrons, and J = dE’/&. bm is the 
instrument background. In Eq.(3), the effects of the incident neutron pulse shape, the spin-flipper 
pulse shape and other time uncertainties are not included for the sake of simplicity. Such effects can 
be included by convoluting appropriate shape functions. 

The crosscorrelation of the count rate $,,, with the PRBS pattern gives: 

ck,m- 4 
j=l 

s j+k- lIj.m- -~sj,tl[i~~(~i.I:m(2~i+j_~-l)I~Tm+b J 
j=l 

= (k)K’Pk ‘&m d +~2c-l)~~Pi.I:_+~(~Tm+bd. 
i=l ’ 

(5) 

The first term in the right hand side of Eq.(5) is proportional to the spectrum I$m The second and 
third terms depend only on the total TOF channel number m, and give otherwise flat background. 
Therefore, the first term can be easily discriminated from the others. The recovered value Id,, gives 
direct information on the magnetic inelastic scattering with incident time fk and total TOF tm 

III. Experiments 

As an example of the application of the present technique, the observation of spin wave scattering 
from a ferromagnet is described here. If the magnetization of the ferromagnet is parallel to the 
scattering vector, the cross section of spin wave scattering is described as: 
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(6) 

where the upper and lower signs correspond to the spin wave creation and annihilation processes, 
respectively:Therefore, it is possible to observe the spin wave scattering by this technique with no 
use of spin analyzer in the scattered beam. 

A neutron spin flipper system and a two dimensional time analyzer were constructed for the 
present work. The flipper coil is made of aluminum wire (diameter 0.6 mm) and its size is 7 x 4 x 1 

cm3. The inductance of the coil was about 100 @-!I. The direction of the field (along the longest edge 
of the coil) is perpendicu@r to both the neutron beam and the guide field in which the coil is placed. 
The guide field inside the coil is canceled by using another coil which is wound on the flipper coil 
along its second longer edge. The intensity of the driving current for the flipper coil is controlled to 
be proportional to the l/t relation, where t is the time from each neutron burst, so that a 180 degree 
flip of the neutron spin is ensured for any incident neutron energy. The maximum current was about 
3 A. The current is then switched on and off according to a PRBS. The time constant of the flipper 
coil circuit was r=3 ps. The timing of switching is given by a module which generates the PRBS 
pattern which shifts by one step at each frame of neutron burst. The scattered neutron events are 
counted in the memories in the two dimensional time analyzer system according to their total time of 
flight and frame number. 

The polarized neutron scattering experiments were carried out on the PEN spectrometer at the 
spallation neutron source KENS at KEK. The spectrometer produces polarized white neutrons by 
passing the neutrons through a dynamically polarized proton filter. Typical neutron polarizations 
obtained by the spectrometer are 90 % at 100 meV and 70 % at 1 eV. Details of the spectrometer are 
described elsewhere?) 

The experimental setup is shown schematically in Fig.l. The sample was a single crystal of 
ferromagnetic Heusler alloy CuzMnAl, the size of which is 3 x 2 x 0.8 cm3. The sample position 
from the neutron source was 6.98 m. The crystal was so oriented that the [l 1 l] reciprocal lattice 

Ktc Pulse 

t 
Pseudo-Random-Bit-Stream 
Generator 

Spallatlon 
neutron source 

Fig.1 Experimental setup of the crosscorrelation method at the KENS pulsed neutron source. 
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Fig.2 Scattering configration in the reciprocal 
space. Only the case of the neutrons with the. 
incident energy of 50 meV is shown. 

vector coincided with the scattering vector of 
neutrons with initial and final energies of 50 and 
42 meV, respectively, for the detector with the 
scattering angle of 21.8 degrees. The scattering 
configuration is shown in Fig.2. A magnetic field 
of 1 T was applied to the sample along the 
reciprocal lattice vector. Therefore scattering with 
an energy loss of about 10 meV is expected to be 
observed on the dispersion surface of the spin 
wave excitation, that is, D(K-~)~, where D is the 
spin wave stiffness constant (175 meVA2 for 
Cu,MnAl), K is the scattering vector and 7 is the 
(111) reciprocal lattice vector. Since the 
magnetization of the sample is almost parallel to 
the scattering vector, only those incident neutrons 
whose polarization is parallel to the magnetization 
are scattered. Therefore, the difference spectrum 
around fro-10 meV corresponds to the spin wave 
creation process. The flipper coil was placed 53 
cm upstream from the sample. The polarization of 
incident neutrons with the energy from 33 to 78 

meV was modulated by the spin flipper according to a PRBS of 31 steps after a delay of 1635 us 
from neutron burst. The time unit of the sequence was 30 us. The scattered neutrons were detected by 
six 3He detectors which are placed at a distance of 1.5 m from the sample and separated each together 
by about 1 degree. As an example, Fig.3 shows the raw data Z’im with the frame numberj=15 at the 
detector 3 (2b21.8 degrees). 

28 = 2l.84 o 

60 
Frame 15 Spin Wave 

Scattering 
. c 

0 
0 

o 0 
eo*o 

, 00 0 
osep _ 

2000 2500 3000 

Time of Flight (psec) 

Fig.3 Raw data at scattering angle of 21.84 Fig.4 Result of the crosscorrelation of the 
degrees and frame number of 15. count rates at the detector 3 (28=21.W). 

i 
I ,’ 0 

i 11 lk 2i 76 31 

Spin Chqpa Qluvld Number 

Fig.4 shows the correlation number C,,,, obtained from crosscotrelation of the count rate Z’irn at 
the detector 3 with the PRBS patterns. The channel width for total TOF was 16 us. The spin chopper 
channel number k of C,,,, corresponds to the incident time c1 at the sample with the relation t1 = 
6.98/6.45.( 1635 + 30 k ) ps. .The ridge-like increase of the correlation number seen in the figure 
comes from the spin wave scattering. In order to see this more clearly, the data at total TOF from 
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170 to 174 channels are plotted as a function of energy transfer in Fig.5 Since their loci of the 
inelastic scans in the scattering plane are close-each together andcross the dispersion surface twice, 
the scattering is expected to occur at two energy transfers, that is, around 5 and 14 meV. Although 
the energy resolution is not high and the counting statistics ate rather low, a clear peak at around 5 
meV and a hump at around 14 meV are visible in 
the figure. The reason that only the peak at 5 meV 
is distinct is due to the difference of the 
temperature factors between -the two. peaks. The 
solid line shows the result of a simulation of the 
spin wave scattering in the present configuration. 
In the simulation, neutron pulse shape at- the 
moderator and time uncertainty at the spin flipper 
were taken into account. It can be -seen that the 
observed spectrum is ,in good agreement with that 
of the simulation. Nearly the same results- were 
obtained for the other data with total TOF from 

r about 140 to 200 channels. This means that the 
spin wave scattering was observed with incident 
neutrons whose energies ranged from about 40 to 
70 meV. It is in good agreement with our 
expectations under these. scattering conditions. 
Almost same results are obtained for the other 
detectors. Of course, their potiitions of the spin 
wave ridges are shifted according to their 
scattering angles. ’ 

200 

? 
.? 
e 

k, 100 
E 
,a, 
z 
r‘ 
.3 
;5 
z 0 
:: 

G 

-100 

IV. Discussion 

-40 -20 0 20 40 

Energy Transfer (meV) 

Fig.5 Example of spin wave spectrum of 
Cu2MnAl obtained by the crosscorrelation 
m&hod. Solid curve shows the result of the 
simulation. 

The result of the present experiment shows that the combination of pulsed polarized white neutron 
beam with the crosscorrelation method with polarization modulation is quite promising for the study 
of the magnetic excitations or fluctuations in various magnetic materials. The resolution of the present 
spectrometry is determined by incident neutron pulse shape, spin flipper pulse shape and neutron 
flight lengths. Therefore, it can be discussed on the same basis as in the case of the conventional 
chopper type spectrometer. In the present experiment, the energy resolution dE/Ei was about 12 % at 
the incident and final energies of 50 and 40 meV, respectively. However, there is no difficulty to 
improve the resolution to the order of a few % if neutron source intensity permits; for example, if the 
time unit of modulation sequence, incident and final flight lengths are chosen to be moderate values of 
10 us, 11 m and 4 m, respectively, the resolution is expected to be 2 %. 

In the present experimental configuration, no spin analyzer was used in the scattered beam. 
Therefore, the present technique is applied only for the measurement of spin wave excitations in 
ferromagnet. The equipment with spin analyzer in the scattered beam gives the full power to the 
technique. It allows the measurement of all kind of magnetic excitations such as the spin wave 
excitations, paramagnetic spin fluctuations, or crystal field excitations. The technique to make 
difference between spectra of vertical and horizontal field arrangements is also useful in this case. By 
using a broad energy band spin analyzer in the scattered beam, the crosscorrelation technique allows a 
dense mapping in momentum-energy space of magnetic dynamical response in a single measurement, 
as demonstrated by the present experiment. The spin analyzer should, of course, work in a energy 
band as wide as that of the polarizer. The dynamically polarized proton filter, however, is not suitable 
for this purpose because it is technically difficult to cover wide solid angle in the scattered beam. 
Therefore, although the energy band available is not so wide as the polarized proton filter, the 
resonance absorption filter would be a better choice in the thermal and epithermal energy region. In 
order to obtain results with good resolution an intense pulsed neutron source is required of course. 
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In summary, the technique using the crosscorrelation method with polarization modulation in 
pulsed polarized white neutron beam has been shown to be feasible. The combination of the 
technique with intense pulsed neutron source and broad energy band polarizer provides a unique and 
powerful tool in the study of the dynamics in magnetic materials. 
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Introduction 
Crystal analyser spectrometer MAX at KENS can observe collective excitations such as phonons and 

magnons in single crystals by means of TOF method. Excitation spectrum along a desired direction of the 
sample crystal can be measured using fifteen independent analyser-detector systemsl-5). In practical use, 
the energy transfer range is 1meV to 15OmeV depending on the Q’region to be covered. The energy 

resolution 6E /E f is about 0.1 and can be adjusted by inserting Sollar collimators before and/or after the 
analyser. MAX exhibits its better performance in several t&s meV energy transfer region, This energy 
region is not so easy td observe using a triple-axis spectrometer at a medium power steady reactor. MAX 
is now being used mainly to investigate magnetic excitations. Dispersion relations of the mngnctic 
excitations in various magnetic materials have been determined. Advantages in the application of MAX to 
the low-dimensional. systems should be noted 4*s). All the scans made by the detectors of MAX are 
constant-q when the incoming neutron beam is set parallel to the direction in which the system has no 
correlation, i.e. the direction perpendicular to the plane (chain) of the two- (one-) dimensional material. 
Furthermore, better experimental condition is found in the case of ‘low-dimensional systems because the 

strong restriction on the TOF scan due to the periodicity of the S @,a) is relaxed. 

Improvements 
In order to improve the signal-to-noise ratio (S/N), the counting rate and the flexibility of the 

spectrometer, several modifications have been made. During the past few years S/N of the spcctrtirncter 
has been improved significantly. Furthermore, new inpile collimator with sintered B,C arrays has been 
inserted in order to eliminate the fast neutron background. We have improved the counting ‘rate by 
focusing the neutron beam reflected by the analyser crystals. Small pieces -of pyloritic graphite 
(5 cm x 0.6 cm) are aligned on a holder which has appropriate. vertical curvature so as to focus the 
reflected beam to the small area on the 3He counter. Note that we can obtain a better counting rate without 
sacrificing S/N because it is not necessary to cnlargc the apcrturc of the counter shielding box. Morcovcr, 
the vertical slit Sollar collimators are still useful for thcsc vertically curved analyscr mirrors. The size of 
the analyser mirrors is enlarged to 7 cm (height) x 10 cm (length) from 5 cm x 10 cm. Consequently, 
without increasing the background or sacrificing the resolution, we have obtained more than 2 times 
higher counting rate than the previous flat ones. In order to obiain more flexibility, the direction of the 
rotation of the detector arms has been changed from counterclockwise to clockwise. (Analyser arms are 
rotated clockwise.) 

Resolution of spectrometer 
Resolution characteristics of MAX have been investigated in detail. Analytical resolution function was 

derived and examined experimentally. The derivation is based on t.he formalism of Cooper and 
Nathans 61, Komura and Cooper 7) and Windsor and Hccnan. 8). Since, as is usual, Gaussian 
distributions were assumed for all the broadcnings which occur due to the finite angul$r collimations, the 
mosaic of the analyser crystal, the time distribution of the neutron pulse and the time broadenings due to 
the finite sample size or gate width, the resolution function can be expFcssed analytically in terms of a 

Gaussian form in the 4-dimensional (Q , o) space. Derivation of the resolution function of MAX and 
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the so-called resolution matrix is shown in reference 9. Here we only give a useful expresSion for the 
energy width which can be derived from the resolution function: 

a2 and a3 corresponds to the divergence angle of the collimator placed between sample to analyser and 

analyser to detector respectively atid VA is the mosaicness of the analyser crystal. The time distribution 

(width 2, ) of incident neutron pulse is a function of wavelength. rs gives the time broadening due to the 

finite sample size. z, is chosen so. that the corresponding Gaussian has the same standard deviation as 

the actual distribution caused by the finite time channel width. Usually r,,., is the largest compared with 

rs and 2,. Parameters a2, a3 and q A in the analyser part were determined so as to reproduce the 
observed energy width. We have plotted in Fig. l(a) the observed energy width of incoherent elastic 
scattering from Vanadium for various collimations. The calculated widths using eq.( 1) are indicated by 

solid lines in the figure. Figure l(b) is a graph of calculated energy width as a function of E F and fiiw 
=E I -E F . In the figures the nominal aperture angles of the Sollar collimators are denoted as 20’, 30’, . . . 

(“B ” : without the Sollar collimator). 

E, 1 mev 1 

(4 

o! 
0 20 40 60 ‘9b loo 1 

Energy transfer (meV) 

@) 

Fig. 1 Energy resolution of MAX for various collimations. (a) shows the observed energy widths as a 

function of E F at ti o =O. The solid lines are the corresponding calculations described in the text 

and the dotted line expresses the E ~~ dependenceg). (b) is calculated as a function of h w in 
the case of E F =3OmeV. 
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We have also measured the spatial shape of the resolution at the elastic position by using Bragg 
scattering from a small perfect Ge single crystal. A spatial map of the intensity was drawn by rocking the 
sample,and the anatyser. Goodagreement was obtained in both volume and spatial orientation of the 
resolution ellipsoid, By using the resolution function the effect of the spectrometer configuration on the 
resolution can .be estimated-. The volume of the- resolution ellipsoid for the configuration of clockwise 
rotation of the detector arms (present configurationof MAX).is larger than the previous counterclockwise 
rotation or “W-configuration”. However, present configuration has more flexibility. Note that the 
direction of the longer axis of the ellipse projejedtedson to the scattering pIane 4s always close to the 
direction of k F in the present configuration as shown in Fig. 2(b). : 

I 2&o' 

.EF = 28 rnev ’ 

(4 

0.’ 

-0. 

I 
Collimation 

2 0.0 0.2 

(b) 

A a,#) 

Fig. 2 Calculated resolution ellipsoids. (b) is the projected ellipses on to the scattering plane, where 

AQ x is parallel to -k I. 

The resolution function derived analytically is useful for qualitative discussion of the instrumental 
resolution characteristics. Occasionally, however, observed peak shapes do not have the symmetric 
Gaussian form because the incident neutron pulse has a highly asymmetric time distribution. The 
resolution function derived above cannot reproduce this asymmetry. Employing the neutron pulse shape 
function proposed by Ikeda and Carpenter 1% numerical calculation of the resolution function was 
performed. It has been found that ,without any other adjustable parameters, observed incoherent elastic 
profile is well reproduced by a Monte Carlo calculation as shown in Fig.3. We are now extending this 
calculation to the inelastic scattering. 
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Fig. 3 Observed and calculated incoherent elastic peak profiles.- Dotted lines represent the incident 
neutron pulse. 
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Q(U.Steigenberger): Which improvements do you plan to increase the flexMity of MAX. 

A(Y.Todate): N/A 

Q(H.Tietze): Did you try to factorize the influence of the sample, i.e. its size, mosaicity etc., on the resolution 
function of MAX? 

A(Y.Todate): The sample size effect is included in the resolution function, but the mosaicity is not. 
Q(H.Tietze): What about the Q-resolution of MAX? 
A(Y.Todate): AQ is about O.lA-1 at Q = 2A-1. 
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Abstract 
The PRISMA spectrometer is an indirect geometry multi-analyser instrument at the ISIS 
spallation neutron source, which is intended for the measurement of coherent excitations 
in single crystal samples., A brief description of the present status of the instrument is 
given and in light of this description aspects of the current spectrometer design which 
limit its use are discussed. Possible developments which may overcome these limitations 
are outlined. 

I. Introduction 
The development of the PRISMA spectrometer at ISIS is a joint project between the Italian 

Consiglio Nazionale delle Richerche and the United Kingdom Science and Engineering Research 
Council. The participating laboratories in this project are the ISIS Facility at the Rutherford 
Appleton Laboratory, U.K. and the Istituto di Struttura della Materia, Frascati, Italy. The 
name PRISMA is derived from the acronym Progetto dell’Istituto di Struttura della Materia. 
PRISMA is designed for the measurement of coherent excitations (phonons, spin waves etc. ) in 
single crystal samples. An original design for such a spectrometer at ISIS was given by Andreani 
et. al. [l] and a recent description of the actual spectrometer and its initial performance has 
been given by Steigenberger et. al. [2]. 

The installation and commissioning of PRISMA was started in 1987 and since the middle 
of 1989 the spectrometer has been available for scheduled experiments at ISIS. However it 
is not the intention of this paper to describe these experiments but instead to discuss areas 
of the spectrometer design where we, have, during commissioning and the recent experiments, 
identified the need for improvement. In section II we give a brief description of PRISMA, which 
is required in order to facilitate the discussion of improvements. For a more detailed description 
the reader is referred to ref. 121. The improvements described in section III have already been, 
at least in part, implemented and we include a discussion of their initial performance, while 
those described in section IV are still under consideration. Finally section V contains a brief 
conclusion. 

II. Spectrometer Description 
PRISMA is an indirect geometry multianalyser spectrometer. The sample is exposed to a 
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polychromatic neutron beam and the final energies of the detected neutrons (after scattering 
from the sample) are determined by an array of analyser-detector arms. From the total time of 
flight of the detected neutrons and a knowledge of their final energy the incident energies can be 
calculated. On PRISMA we have an array of 16 analyser-detector arms which are very closely 
spaced (2” apart) mounted on a single scattering arm which can rotate by 3~120”. A schematic 
diagram of this arrangement is shown in figure 1. All of the analyser and -detector angles can 

n Sample 

II--- 
_ -------- 

Sin+- 
-L- = constant 
Sin eAi 

Detectors 

Figure 1: A schematic diagram of the PFUSMA spectrometer. 

be moved individually subject to the condition that the detector arms do not collide. In figure 
2 we show how the wavevector transfer Q = ki - kf ties during a measurement on PFUSMA. 

A high symmetry direction in the crystal is aligned parallel to k;. Since kf is fixed in direction 
and length for a particular detector the wavevector transfer scans along the direction given by 
the dashed line in figure 2 as a function of the length of ki ( ie. time of flight). It is possible for 
all of the analyser detector systems to measure along this same direction (ie. the dashed line) 
if they have different values of Ikrl. The condition for this situation is that the Bragg angle OA 
of the analyser crystal and the scattering angle 4 for each analyser-detector system are related 
by the equation : 

QL 
7r sin 6~ =-- 

dA sin 4 (1) 
where &I is the component of the wavevector transfer perpendicular to the direction of the 
incident neutron beam and dA is the d-spacing of the analyser crystal planes. The energy 

. 

transfer measured in each analyser detector system is therefore given by : 

8 = $ (Qi - ~(QJ. cot 4)Qll- Q:) 

Since the scattering angles C$ are different for each of the analyser detector systems the energy 
transfers measured at a given wavevector on the dashed line in figure 2 are different and the 
spectrometer performs a net of scans in the (E, QlJ plane. 

III. Recent Developments 
It is always desirable in a scattering experiment to have the background as small as is prac- 

tical, and this is especially true for inelastic scattering where the cross-sections for phonons etc. 
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Figure 2: The vector triangles in reciprocal space representing the wavevector transfers in a 
scattering measurement on PRISMA. 

are x 10” those for Bragg scattering. On PFUSMA we have found that the background (with 
a non-hydrogenous sample) for scattering angles 4 3 40” is about .25 counts/meV transfer/day 
with ISIS running at lOOpA proton current and a U238 target. This. background originates 
from 3 approximately equal sources. There is an ambient background, with .the beam on but 
no sample (or sample environment equipment) of x 8 counts. It should be noted that these 
counts are neutronic and that the electronic background is considerably less than this level. 
The remaining $ of the background is associated directly or. indirectly from the sample. We 
have discovered that when the direct path from the sample to the detector via the analyser is 
blocked by absorber but the sample is in position then the background is increased by a further 

8 counts above the ambient. This presumably arises from the effect of scattering (predomi- 

nantly Bragg) by the sample into the surrounding shielding. The remaining 8 counts therefore 
arises from direct scattering from the sample via the analyser to the detector. This background 
is flat as a function of energy transfer. We presume-it arises from elastic incoherent scattering 
both at the sample and at the analyser. 

For scattering angles 4 < 40” the background was found to increase rapidly with decreasing 
scattering angle. A significant part of this increase was discovered to be due to neutrons with 
energies E > 270 meV (which is the absorption edge of Cd).- Much of the shielding around the 
detectors on the scattering arm is Cd since this shielding -must -be thin. This latter point will 
be discussed further in section IV. In order to reduce the background at low 4 we have recently 
installed a background chopper in the incident beam line. This chopper limits the wavelength 
band which is seen by the sample. This is achieved by blocking the incident neutron beam at 
t x 0, i.e. the time when the proton pulse hits the target with a block of nimonic material. The 
size of the nimonic block ‘is such that it covers completely the aperture of the beam for a time 
period of about 255~s at a chopper frequency of 50Hz. The effect, on the incident spectrum 
is shown in figure 3. Here the ratio of two normalised monitor spectra is plotted (monitor 

with chopper / ,monitor without chopper) as a function of incident energy. The redu,ction in 

the number of neutrons with energies greater than 500meV is clearly visible. The chopper is 
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Figure 3: The chopper transmission spectrum. 

additionally equipped with a tailcutter disk (12mm thick, 90% Mg, 10% Cd) which blocks the 
very low energy neutrons between 6667~s and 2OOOO/ls when running at 50 Hz. As the chopper 
has two nimonic blocks separated by 180”, an alternative option is to spin it at 25Hz. This 
doubles the time during which the nimonic part covers the beam, although such a mode would 
require the removal of the tailcutter disk. 

As well as reducing the background, work is also being carried out on increasing the measured 
intensity for certain experiments by having the different analyser crystals available. At present 
on PRISMA we are using cylindrical Ge crystals with a [ii01 axis perpendicular to the scattering 
plane as analysers. This allows us to employ the (ill), the (400) and the (220) reflections for 
analysis. The virtue of using the (111) reflection lies in the fact that second order contamination 
is absent due to the zero structure factor of the (222) reflection in the diamond crystal structure. 
The structure factors of the (220) and (400) reflections are twice that for the (111) reflection 

but have the disadvantage of second order contamination. . 

We are planning to have available a second set of analyser crystals of highly oriented pyrolytic 
graphite (HOPG). The high reflectivity of HOPG will all ow us to gain a significant increase 

in measured intensity for experiments where the desired energy transfer range will not be 
contaminated by second order reflection from the analysers. HOPG is available from the Union 
Carbide corporation in two forms, one with mosaic spread 0.4” and one with mosaic spread 0.8” 
in various thicknesses. The choice of which form to use to maximise intensity without degrading 
resolution depends upon the effective collimation of the spectrometer after the sample. In order 
to be sure that we optimise our intensity we have performed test measurements on PRISMA 
using two samples provided by Union Carbide. Sample #A had a mosaic spread of 0.4” and was 
2mm thick, and sample #B had a mosaic spread of 0.8” and was 4mm thick. We masked the 
samples to have identical surface area in the polychromatic beam on PRISMA and positioned 
one detector to view the sample at a scattering angle corresponding to a neutron energy of 
15 meV. The results are shown in figure 4 for both sample #A and sample #B. Clearly the 
line width in energy is the same for both samples but the reflectivity of sample #A is higher 
by nearly 50%. 

We have also compared the HOPG #A sample with a Mica analyser and one of the present 
Ge analyser crystals (c.f. figures Sa-c) for similar energies. The d-spacings of the Ge (111) 
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Figure 4: The relative reflectivity of two highly oriented pyrolitic graphite crystals is shown for 
neutrons with an energy of 15 meV. Sample #A had a mosaic spread of 0.4” and sample #B 
a mosaic spread of 0.8”. 

reflection of 3.266 A, the HOPG (002) re ec ion of 3.355 A and the Mica (003) reflection of fl t 
3.334 A are a& quite similar (the possible usefulness of this similarity will become more apparent 
in the next section. Mica is a 2-dimensionally layered aluminia-silicate and the lattice constant 
perpendicular to the layers is around 10 A depending on the exact chemical composition. We 
have used thin sheets of natural amber Mica, tightly packed to give an overall thickness of 
3mm. As can be seen from figure 5b the resolution for the Mica (003) reflection at an analysing 
energy of 27 meV is about 1.29 meV and lies in between the values of 1.56 meV for the Ge 
(111) reflection and 1.0 meV for the HOPG.(002) re ec ion. fl t Although the measurements were 
performed for very similar settings of the spectrometer angles, it is not possible to make a 
comparison of the absolute reflectivities, because of the different sample geometries. However, 
the intensity difference between HOPG and Mica is too large to be explained by geometry 
alone hence Mica must have a lower reflectivity. Our interest is not therefore primarily in using 
the (003) reflection but the possibility of using the (001) reflection. At present the minimum 
analysing energy that can be used on PRISMA is 18 meV (again this point is discussed further 
in section IV). The use of Mica (001) would, for the same range of 28~ angles available at the 
moment lower this minimum limit to 2 meV. Although ~correspondingly it will of course lower 
the upper limit as well. However the possibility of such low analysing energies is attractive 
for certain low energy transfer experiments. A careful evaluation of possible problems such as, 
the lower reflectivity, contamination from the (002) re ec ion or linewidth effects from using fl t 
energies in the range of the Maxwellian of the methane moderator is required. 

IV, Possible Future Developments 
In order to obtain a densely packed net of scans in the (E, Q$ plane ‘the analyser-detector 

systems are close together at only 2” separation. This can be compared with the much wider 
angular separation on the very similar spectrometer MAX at the KENS spallation source [3]. 
However the small angular separation on PRISMA leads to two serious restrictions. Firstly, 
as was alluded to in section II, the measuring configuration described can only be used if 
the detector arms are in an arrangement where they do not collide.. This depends upon the 
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distances involved as well as the angular separation; j On PR1SM.A the sample-analyser and 
analyser-detector distances ,are 573mm and 170mm respectively and each arm is 12mm across. 
Further to this there is an overall maximum 20A. angle for any detector of 38” set by the 
shape of the frame supporting .the-arms. .For the; Ge ‘(l,l,l) analysing planes this means a 
minimum analysing energy ‘of 18 .m&. The$e limitations impose severe restrictions on the E 
range accessible for small values of IQ!. In figure 6 we show the available range using Ge (l,l,l) 
analysers for two cases, (i) where only one detector is. ,used and the remaining 15 are driven as 
far out of the way as possible and (ii) where all i6 detectors ~are’used, It should be noted that 

16 

-60 - 

-8O- 
1 

Figure 6: The possible minimum and maximum energy transfers are shown as a function of 
the magnitude of the wavevector transfer for the cases of i and 16 analyser-detector systems 
in use, as described in the text. 

this figure appliis to IQI: and that in a single crystal ejiperiment where a particular direction 
as well as magnitude is required the. situation may-well be worse. 

The second side effect of ‘the small angular separation is that the shielding ‘dround -each 

detector arm must be small in order to allow the arms to approach each other’ as close as 

posssible. On PRISMA we have lmm of Cd around each detector arm. Around‘ the’ whole 
array of arms there is a further “shielding box” of B4C and Cd but this is not as preferable as 
having a significant amount of shielding around each individual detector. 

These constraints could be overcome by the use of a double-bounce analyser system as 
schematically indicated in figure 7. In such an arrangement a change of the analyser energy 
would not require the detector to move. Furthermore, increasing the angular separation. be- 
tween the detector arms would enable us also to improve substantially the shielding around the 
detectors. Of course, the double reflection wiIl lead to loss of intensity. Bowever, by a suitable 
choice of analyser material this can be minimized.. Obviously these intensity considerations 
exclude the combination Ge/Ge and mean that an HOPG/HOPG combination would be best. 
However an alternative combination of Ge(Sll)/HOPG(002) which profits from the absence 
of second order contamination due to the first Ge crystal without the loss -of reflectivity of 
a second Ge crystal may also be a possibility. Although the outcoming beam from such an 
armlyser is not parallel to the incoming. beam its deviation for .analyser energies greater than 
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D 

Figure 7: A schematic diagram of a double-bounce analyser system. Al and A2 indicate the 
two analyser crystals and D the detector. 

4 meV is less than 3”. We have started a research and development programme to study the 
feasibility of these ideas. The prototype of a double-bounce analyser should be ready by the 
end of next year and we plan to study a series of combinations of analyser crystals. 

V. Conclusion 
The PRISMA and MAX spectrometers have both shown that measurements of phonon or 

spin wave dispersion relations are quite feasible at pulsed neutron sources. This does not mean, 
however, that these particular spectrometers necessarily represent the ultimate design for in- 
struments to carry out such measurements. In this paper we have described a number of ideas 
for improving and expanding the capabilities of the PRISMA spectrometer. These ideas are at 
different stages of development and their effectiveness remains to be assessed. However such is 

the usefulness of the information from the measurement of coherent excitations that they are 
certainly worth pursuing. 
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: 
Q(H.Tietze): The 30meV phonon in &O is only poorly separated from the elastic central line. 4s that resolution 

of PRISMA dominated by the sample or by the instrument itself2 
A(U.Steigenberger): In that case the resolution is limited by sample properties, because of disordering in the D20- 

sample. 
Q(N.Watanabe): Is the &O sample the single crystal? 

‘. 

Do you think the liquid CHq moderator has advantage than a room temperature moderator for typical PRISMA 
experiments? Is time structure of neutron pulse important? 

A(U.Steigenberger): Yes, the D20 sample is a single crystal. 
The time structure of the neutron pulse has certainly an influence on the resolution of the instrument, On the 
other side, resolution appears to vary so rapidly as a function of time of.flight due to other effects that we are 
not too concerned about the contribution from the neutron pulse width. 

Q(H.Tietze): Do you think of using a Si-multi-layer crystal as a tiny device for double analysers on PRISMA or 
would the intensity obtained from double-Si-analysers be too weak? 

A(U.Steigenberger): It is thought of wing PG together with the existing Ge-analysers, which will them be moved 
independently. 

Q(P.A.Egelstaff): Could you expand your statement that 1peV resolution with 20A neutrons is available on ISIS? 
For example if we wished to study the quasi-elastic peak for a polymer.and its width was lp.eV, should we go 
to the ILL or to ISIS? Some data on counting rates, energy ranges and experimental times would be useful. 

A(U.Steigenberger): For Mica 002 the energy transfer range is 90 meV, which is an order of magnitude-larger than 
that of INlO, the lutedine data were taken in 12 hours. Of course the flux at X = 20A is much bigger at ILL, in 
particular because the ISIS moderator was not designed to provide neutrons at this wave length. 
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Abstract 

A review of the development of crystal analyser spectrometers on reactors 

and pulsed sources is given for both incoherent and coherent inelastic 

spectroscopy. The status of and developments on the three operational 

instruments IRIS, TFXA and PRISMA at ISIS are given. Particular attention 

is paid to the improvement of resolution and background in present and 

future generation instruments. 

Introduction 

Crystal analyser spectrometers have a fundamental advantage over direct 

geometry spectrometers because of the opposite handedness of the Q,o locii as 

shown in figure 1. This means that, when studying cold samples in their 

excitational ground state, the neutron energy loss technique can still be 

employed, giving access to large energy and momentum transfer ranges, yet 

maintaining the instrumental resolution. The resolution can thus be decoupled 

from the energy transfer and the final analysed neutron energy can be very low 
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if.high resolution is required. Since neutrons of the analyserenergy need-not 

be present with any intensity in the incident beam the development of synthetic 

long’ wavelength analysers; such as Langmuir Blodgett -films/with d-spacings 

beyond that of natural crystalline. materials, -‘could be.-considered ,in the 

future.’ 
. 

A disadvantage of the technique however is that the full white beam travels 

into the spectrometer and falls onto’the sample and its environment. This 

generates a neutron population within the analyser tank which is,. perhaps, a 

hundred times higher than ’ on’ a similar performance direct geometry 

,spectrometer. The effect becomes more severe ‘the: higher the ratio of’energy 

transfer range ‘to resolution width. The problem can -be ‘overcome despite early 

pessimism expressed in an IAEA panel meeting in 1969: 

H A Mook “Perhaps you could use a time-of-flight spectrometer with 

the flight path first, then use a crystal to analyse the 

neutrons. . ‘.‘I’ 

’ B N Brockhouse 

6 Dolling 

“1 think it would be very difficult to work inthe ‘main 

beam with a “single crystal analyser :. . I1 .- 

Ytt shouZd be pointed out that you really are making’ things 

hard for yourself ,when you’ put your‘3pecimen in the main 
beam”. 

However it does ‘mean- that collimati’on o’f the incident and scattered beams must 

be. effective and that internal shielding must be well defined and universal. 

Also the crystal used as the 

the desired energy neutrons 

In practice this means that 

the sum of the coherent 

minimised; 

analyser itself must have B very high ‘contrast for 

compared with other energies in the incident beam. 

the ratio of the coherent elastic- cross section to 

inelastic and incoherent cross.,sections must .be 

on. white A signifi-cant 

a diffraction 

‘bonus however 

pattern of the sample 

beam crystal analyser instruments is that 

can -be recorded simultaneously with the 

inelastic spectrum. This aids the diagnosis of structural phases ,vhen ,studying 

complex materials with ‘multiple,phtise transitions and hysteresis effects such 

as displayed by liquid ‘crystals. It also’ ailotis s’tructural parameters to be 

linked ‘to spectroscopic cbs&&tions .in ‘the study of samples uniquely .prepared 

in’ ‘beam such as intercalates’, or those which are undergoing-transformations in 

time. 
,. 
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Early Instrumentation 

The so-called beryllium filter spectrometer is .the archetypal crystal analyser 

instrument. Set against the triple axis spectrometer and the direct geometry 

chopper time of flight instruments on reactor sources it developed a tarnished 

reputation to the extent that it almost attained the status of a term of abuse! 

This was largely due to the .poor resolution, caused by the wide band-pass of 

the filter and the poor dqfinition of the incident energy, and the increasingly 

higher background as .the energy transfer inc.reased, mainly due to coherent 

inelastic scattering in , the monochromator. Attempts to improve its 

performance, such as by using a chopped white-beam to sort-the incident neutron 

energy by time of flight .or by the use of filter difference techniques had only 

limited success. 

Quasielastic and Tunnelling q 

The first high precision instrument in the 

backscattering machine developed firstly at 

emerging at ILL as INlO. This instrument 

crystal analyser class was the 

Munich and then at Jiilich before 

generates its white beam (over a 

30ueV window) by Doppler shifting the Bragg reflection from a silicon 

monochromator using a mechanical piston , and analyses the scattered beam with a 

very large area silicon analyser mirror in exact backscattering geometry, 

giving an energy resolution of 1ueV. This concept has been extended to higher 

momen turn transfers with the design of IN13 which uses a similar geometry to 

IN10 but employs CaF2 as monochromator and analyser. The white beam scan over 

450ueV, is achieved by temperature cycling the monochromator. 

The backscattering principle was applied to pulsed sources in the design.of the 

IRIS spectrometer where the incident white beam is naturally present at the end 

of a long incident flight path. The analyser consists of a large array of 

graphite crystals (1350cm2) in a geometry close to backscattering, giving a 

resolution of 15ueV over an energy transfer range of 3meV. The decision not to 

go to exact backscattering in the instrument design eliminated the need for a 

beam modulation chopper before the sample, a device used on IN10 to 

discriminate against neutrons scattered directly into the detector from the 

sample. This decision increased the expected count rate on IRIS by a factor of 

4 (2.5 x 1.5) since the saving in the instrument budget was used to increase 

the graphite area by 50% and the chopper transmission would have been 40%. The 

instrument is shown schematically in figure 2. 
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At KENS, the development of such a ‘high resolution -instrument followed a 

different path involving firstly’ a’graphite analyser instrument with an 80’ 

take-off angle (LAM 40).followed later by a near-backscattering.instrument with 

a 16Q” take-off angle (LAM 80). This has been further developed with the 

addition of mica analysers and- the instrument is now known as LAM 80,ET. 

Molecular Spectroscopy 

On pulsed sources, the first appearance of a crystal analyser machine was at 

IPNS where a copper analyser at relatively low take-off angles was used with 

limited success, largely because of the moderate resolution ,due to the. tote 

term and the. difficulty of achieving effective focussing. At KENSa 

fundamental improvement in the design was achieved‘ by the realisation that a 

simple focusing geometry could be built which allowed the resolution line width 

to be preserved and the intensity to be enhanced. This geometry is shown in Fig 

3. The parallel arrangement of the sample, analyser..and detector bank ensures 

that the time of flight of neutrons from the sample to the detector is 

independent of the neutron energy selected at different points on the analyser. 

This concept has been extended in the design of the time focusing crystal 

analyser spectrometer TFXAat ISIS as shown in Figure 4 to- include separate 

recording of individual detector elements and a subsequent merging in software. 

Coherent Excitations 

A different developmental direction again of the crystal analyser technique has 

led to the design of instruments on pulsed sources able to study coherent 

excitations in single crystals. The first such instrument was the constant-Q 

spectrometer installed at the Harwell linac. This utilised a large monolithic 

flat single crystal of germanium as an analyser, placed .afte.r the sample. 

Different points on the analyser select different final -energies thus 

generating a tconstant-Qt scan in reciprocal space. At LANSCE this concept has 

been further developed with the separation of the analyser into a.number of 

individually controllable cylindrical analyser crystals still with the overall 

geometry of a flat plate. The mosaic spread of -each crystal has been 

separately selected in an attempt to equalise the resolution width across the 

scan. 
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At KENS a variation on this theme led to the development of -a multiple awlyser 

crystal. -spectrometer MAX. This idea is more flexible than the constant-Q 

design and enables a scan along a.particular reciprocal lattice direction to be 

measured in one setting of the instrument. This has been further refined in 

the building of the joint Anglo-Italian instrument PRISMA at ISIS with its 16 

individually controllable analyser detector arms. It is shown in Figure 5. 

Recently the rotating collimator has been replaced by a t-zero nimonic chopper 

to reduce further the flux of fast neutrons onto the sample. 

Using a single rotating analyser and a linear position sensitive detector, 

ROTAX spectrometer is being built at ISIS by a team from the University 

the 

of 

Wiirzburg. ROTAX is an ambitious attempt to create the flexibility of a triple 

axis instrument on a pulsed source spectrometer and installation will begin 

in 1992. 

Instrument Performances 6 Future Developments 

IRIS 

The present (January 1991) characteristics of IRIS are listed in Table 1. A set 

of resolutions from 1ueV to 50ueV can be accessed, each with an increasing 

range of 0. The energy transfer ranges with each resolution is limited by the 

adjacent analyser reflections. A beryllium filter, cooled to 25K, has been 

developed for use with the graphite (002) reflection which will increase the 

energy transfer range to approximately -lOmeV, determined by the limit of 

transmission down the curved neutron guide. Furthercommissioning work is 

needed before this option comes into service fully. 

The underlying broad feature beneath the elastic line from graphite has been 

positively identified as being due to thermal diffuse scattering from the 

analyser itself. There are two ways to minimise this. The first involves the 

use of collimating blades between the analyser and the detector. Unfortunately 

this solution will also reduce the Bragg intensity and will not affect the 

relative level-of TDS directly under the Bragg line itself. More promising is 

to reduce the phonon population by cooling the analyser. Tests on IRIS show 

that there is a linear fall in TDS intensity with temperature down to 50K as 

shown in Fig 6 for an offset angle from the Bragg reflection of 4’. As a 

consequence a helium cooling loop is to be installed on the graphite analyser 

with a design temperature of 25K. When this is operational in mid-1991 the 
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Table 1: The Characteris ti-cs, of IRIS -(Jan 1?91) __ . _, : 

. Analyser ,. Analyser : :. ,Rnergy Energy and Momgn.tum 

-Reflection . ? .. Ef, . . Resolution. ., : T.ransfer Ranges : 
A meV p!v. _, :..-- 

: 

Mica 002 19.8 0.208 1 250 ueV to -. l-00 ue’ 

0.09 to 0.7 A-’ 

(. .. 
Mica 004 9.9 0.83 4..2 300.. .ueV to - 300 ue 

0.18 to I.4 A-;, 

Mica 006 

: 

6.6 1.87 11 1 meV to -1 meV 

0.26 to 1.88 A-’ 

PG 002 6.7 1..835 13 -~ 3 meV to -1 meV 

0.25 to l.g5 A-1. 

PG 004 3.35 7.28. 50 5 meV to -4 meV 

0.5 to 3,7 A-l 

:. 

.- 

background from TDS sources should improve by an-order of magnitude.. 

Additional valves.and filters have been installed in ,the vacuum system.of the 

analyser tank in order to ensure that vacuum. oil vapour does not condense on 

the graphite and intercalate between the layers. 

Interestingly :tests of CaF2 on HRPD also .point towards TDS .effects. being the 

cause of a similar undiagnosed broad background on IN13. 

A recent major - development on IRIS has been the. realisation of the mica 

analyser array with anarea of -1500cm2; This. provides a resolution of IlneV 

for the (006) reflection with,a more clearly defined ttmoderator edge” than 

occurs. in graphite. This suggests that mica is much more perfect, in terms of 
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%d, than graphite and the instrument is clearly mismatched at this distance 

(38m) from the moderator. The optimum distance for matching is yet to be 

determined but at 60m the resolution wou_ld further improve by 50X;. 

Despite this mismatch the effective count rate from the mica (006) array is 

only slightly less than 50% of the count rate from the graphite (002) array. 

Since mica is 100 times cheaper than graphite a large area array is quite 

feasible. Plans are in hand to double the present area to 3000cm2 in the 

coming months. 

* The use of the (004) reflection at an analysing energy of 830ueV (X = 9.9A) 

gives an improvement of elastic resolution to 4.2ueV. The intensity of the 

elastic line is only about 2.5 times lower than for the (006) reflection and is 

quite feasible to use. Run times of the order 6-10 hours are necessary. 

The (002) reflection gives a resolution of l.OueV over a wide energy transfer 

range, as shown in Figure 7. The practical use of this option has been limited 

up to now because of the 5OHz pulse repetition rate on ISIS. A second pulse 

leaves the moderator before -the 20A neutrons destined for the mica (002) 

reflection reach the band pass chopper at 6.4m. Accordingly a second band pass 

chopper is presently being installed at 10m which should be operational for the 

first cycle of 1991. The use of 20A neutrons should then be routine. It does 

appear that we have underestimated the intensity of long wavelength neutrons in 

our incident spectrum and the 10 metre chopper should improve the general 

background in the spectrometer even when working at shorter wavelengths. 

Because of the low Q range observed (0.07A-1 to o.~A-1) this will facilitate 

the measurement of translational diffusion. Its use for tunnelling spectroscopy 

is still to be explored - the low Q will be a disadvantage in this case. Plans 

to study crystal field excitations where the low Q is a positive advantage are 

in hand. 

Mica, as an analyser, offers great promise which has yet to be fully realised. 

Little is known about its neutron reflec-ting properties and more development 

work is required. The value of M /d for the various chemical isomorphs is 

unknown and the optimum thickness for maximum reflectivity and minimum 

background has not been explored. A full survey of the various varieties has 

yet to be carried out.- Nevertheless it is clearly a material worthy of more 

study. Interestingly it is now being considered as a .long wavelength 

monochromator for IN6 in order to improve the resolution. 



-On. the data analysis side ,progress has been made in the implementation of 

maximum_ .entropy techniques for the: deconvolation..of inelastic’ spectra, Using 

the MEMSYS code developed at Cambridge..,we _ have been- able to deconvolute 

features in. the tunnelling spectrum from lutidine using.the graphite (002) 

analyser data which have subsequently been experimentally observed using the 

mica (004),analyser. This data, in turn, has been deconvoluted to- reveal 

further structure which, once again has been confirmed in measurements on IN10 
* 

us-ing an offset monochromator. In order to .obtain reliable results the ’ 

resolution function of the instrument must.be known .precisely, aswell.as its 

variation with energy transfer. The data and deconvolutions are shown in 

figure 8. Obviously, until much more experience-has been accumulated,- the use _.. 
of the maximum entropy technique will be initially used as a guide to further, 

higher resolution measurements;- .However , once confidence has been generated-, 

and the ,results accepted by the community, it will find universal acceptance in 

the field of inelastic spectroscopy.., 

TFXA 

The time 

has been 

continous 

analyser 

focussing’ crystal’analyser spectrometer TFXA illustrated in’figure 4, 

operational for over five years. During that period it has undergone 

development within the limits ‘imposed by the ‘monolithic design of’the 

shielding tank. It has been established that ‘thick samples ‘may,be 

used ,’ with scattering probabilities as’ high as 40% of the incident beam, 

without seriously compromising the spectral quality. The original graphite 

analysers have been”replaced by a more relaxed mosaic spread set of greater 

thickness. This has increased the detected count rate ‘by a factor of 4. The 

original detector bank has -been replaced with high pressure squashed 1.2cm 

helium-3 tubes which has improved the instrumental resolution; At the same 

time substantial reductions in background have been zichieved. The quality of 

the .’ spectra generated on TFXA has moved molecular spectroscopy beyond’a 

threshold and into a region tihere individual modes can be well-resolved and 

the effects of lattice modes and multiphonon events can be quantified. This is 

illustrated in figure 9 where the spectrum from the 72 atom molecule 

nicotinamide adenine dinucleotide at 30K is shown. As’ a cWise&ence of this 

improved spectral quality much recent progress has been made in implementing an 

iterative data fitting algorithm CLIMAX which uses a generalised molecular 

force field model- to refine the dynamical model .of the molecule. and its 

crystalline surroundings. Molecular spectroscopy with neutrons has ente.red a 

stage ‘in the quantitative analysis of data which resembles ‘that experienked by 

powder diffraction in the late 1970’s with the. advent of Rietveld refinement. 
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A major development on TFXA ,in the forthcoming few months will be the 

installation of a prototype mica analyser replacing one of the graphite 

analyser arrays. Higher order contamination will be removed with a cooled 

polycrystalline graphite filter in.place of the present beryllium filter. 

Using the mica (004) reflection it is expected that the resolution of the 

instrument at energy transfers up to 1OOmeV will improve by approximately 50%. 

Separate papers. in this conference deal with the PRISMA and ROTAX projects and 

the reader is referred there for more details. 

Future Plans for New Instruments 

Operational experience in the past few years has put us in a strong position to 

capitalise on- the advances achieved with the first generation instruments and 

their developments. It is clear that high resolutions can be obtained quite 

readily on pulsed source instruments and that scientific advances follow such 

improvements in resolution. Equally well the original designs were somewhat 

conservative being designed without the benefit of today’s experience. 

Therefore in laying down plans for future instruments the direction is clear. 

We must further improve resolution and range. The improvement of intensity, 

for its own sake, is of limited value. 

Accordingly plans have been drawn up to separate the high and medium resolution 

options of IRIS into two instruments on twin guide tubes from the same beam 

hole. IRIS-2 will be a spectrometer which seeks to optimise the use of mica 

with resolutions improved by a factor of 2 and employing very large area 

to utilise to the full the plentiful supply of cold neutrons 

modera tar . IRIS-l will contain the cold graphite analysers, 

by a factor of two. The space released by the present mica 

used to install a large position sensitive diffraction 

d-spacing diffractometry up to 3OA with high intensities and 
9 

analysers in order 

from the hydrogen 

increased in area 

analyser will be 

detector for long 

a resolution */d of 2.5 x lo-=. 

Molecular spectroscopy will be further advanced by the construction of an 

instrument, Cassandra, having 0.3% resolution in energy transfer, a factor of 3 

better than currently available, over a range from 5 meV to 100meV. Cassandra 

will use a large area-mica analyser in near backscattering geometry on the end 

of a 60 metre long curved supermirror guide. 
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The experience gained on PRISMA in the last two years is already-indicating.-the 

scientific value of surveying coherent excitations over a two-dimensional net. 

Tests of a prototype dog-leg double analyser, currently in the design stage, 

will indicate;the.optimum’iayout for- ~PRISMA-2 tihich it is’hoped-- to define by 

1992. 
., ; 

-,:. _,L : ‘. 
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Figure Captions 

Fig 1. The Q,olocii for direct and inverted geometry spectrometers 

with a defined energy, either Ei or Ef, of 1.8meV as a function of 

neutron energy transfer Ei - E2. The dashed line is the locus for an 

inverted geometry instrument and the full line is that of a direct 

geometry machine. 

Fig 2. A cut away view of IRIS the backscattering instrument at ISIS 

showing its dual arrays of.graphite and mica analysers. 

Fig 3. The time focusing geometry for the crystal analyser 

spectrometer first implemented at KENS. 

Fig 4. A schematic view of TFXA the time-focused crystal 

analyser spectrometer at ISIS. 

c 

Fig 5. The 16 analyser-detector instrument PRISMA at ISIS. 
. 

Fig 6. 

Fig 7. 

The effect of cooling on the thermal diffuse scattering from graphite 

around the (002) reflection. The crystal has been offset 4’ from the 

Bragg position. The inset shows the integrated intensity in the 

phonon “wings” as a function of temperature. 

The observation of 1ueV resolution on IRIS using the mica (002) 

reflection at an analysing wavelength of 19.8A. Note the wide 

energy transfer range. 
, 

Fig 8. Data and deconvolutions of tunnelling spectra in 2,6 lutidine 

on IRIS and INlO: (a) Data and deconvoluted image from PG(002) = 
s 

analyser (b) Data and deconvoluted image from Mica (004) analyser 

(cl Deconvoluted image as in (b) and data from INlO. 

Fig 9. The molecular spectrum 

30K measured on TFXA. 

of nicotinamide adenine dinucleotide at 
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Successful coherent inelastic and elastic neutron scattering on ROTAX ! 

ROTAX is an inverted time- of-flight spectrometer for neutron inelastic scattering 
of single crystals at ISIS. Its particular technical highlight is the performance and 
utilisation of its nonuniformly rotating crystal analyser, which is time synchronised 
with the neutron source. However, the parameters determining a particular mode 
of operation or time- of- flight scan through (Q,o) - space are, in general, kept 
free with respect to the individual demand of the experimentalist. The user of 
the instrument may thus program his personal particular scan, providing much 
more flexibility and versality for an inelastic coherent scattering experiment at a 
pulsed spallation source taking advantage of the time structure and utilising not 
only the average neutron flux. 

At realistic conditions of the geometry and neutron optics, prototypes of the 
ROTAX spectrometer have been critically andfirmly tested on the S9 test beam 
facility at ISIS, in order to confirm and prove the ability and stability of the 
technical design of the ~~~~x-amtlyser drive. 

Throughout this paper we shall concentrate on the results of these test 
experiments with the ROTAX analyser drive, particularly on elastic and inelastic 
neutron scattering at an aluminium single crystal, where acoustic phonons have 
been measured directly in longitudinal and transverse polarisation. Precursory 
alignment of the test apparatus will be explained and the intensity performance 
of the ROTAX “lighthouse mode” will be discussed in comparison to the PRISMA- 
mode of a non-spinning idle analyser as used in conventional TOF-x 
spectrometers. 

774 



I. Introduction 

ROTAX stands for rotating andyser crystal spectrometer which is a highly flexible time- 
of-flight neutron spectrometer of inverted 
means of a user defined, programmable 

geometry with one single crystal analyser. By 
non-uniform rotation of the analyser crystal 

several types of scans in (Q&-space can be performed Cll, e.g. const.-energy or 
const.-a/Q scans. The scope of the instrument will be neutron inelastic scattering 
investigations on collective excitations of single crystalline samples. In some sense 
ROTAX will compete with triple axis spectrometers at reactor thermal beam lines and 
of course with conventional TOF-crystal analyser spectrometers installed at pulsed 
spallation sources, e.g. with the Constant-Q spectrometer at LANCE C2J and with the 
high-symmetry spectrometers MAX at KENS 131 and PRISMA at ISIS 1431. As 
discussed earlier C61 the major advantage of ROTAX in comparison to the above 
mentioned spectrometers is to provide the user with an instrument with a much higher 
degree of flexibility in the choice of scans. Thus, ROTAX will quite considerably 
improve the work in the field of single crystal collective excitations at pulsed sources. 
Set -up and optimisation of ROTAX scans with respect to the analyser- motor 
performance have been discussed earlier C71. A detailed description of technical 
ROTAX concept, the electronic control of the regulation loop, the feed-back, logic and 
hardware configuration is also given in [7l. 

The basic idea of the instrument is to analyse by Bragg reflection all the neutron 
energies being scattered during one ISIS pulse from a sample placed in a white pulsed 
beam. During the neutron flight time between the moderator and the sample, the 
neutron pulses will disperse in energy and time (cf. fig.l). 

Fig. 1. Schematic diagram 
of ROTAX and neutron 
the pulse propagation. 
M: moderator, S: sample, 
A: analyser, PSD: detector. 

white pulse (broad) 

PSD 

time t 

ROTAX 
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According to the scattering function of the sample, the neutrons will then be scattered 
within a certain solid scattering angle #J into polychromatic sequences of neutron pack- 
ages, which will reach the analyser crystal consecutively after a well defined time-of- 
flight. If the analyser crystal is then positioned at the appropriate time to a Bragg 
angle O,(t) corresponding to the scattered neutron energy, it will scatter this particular 
neutron package into a wide angle position sensitive detector. The scattering equations 
involved have been determined earlier Cll; the scattering angles $ and 0,(t) and the 
total time-of-flight to determine the energy and momentum transfer of the neutrons 
unambigously. In order to detect several (ideally all) of the scattered neutron energies, 
it is essential to turn the analyser crystal in an accelerated, non-uniform spirming 
mode which must be synchronised with the time structure of the neutron pulses. There 
is not one general function of analyser motion, but it rather varies from one scan 
through (Q,w)-space to another depending on the initial scan parameters as being 
defined by the experimentalist. 

II. Experimental set-up 

The ISIS test beam, facility on the S9 beam line viewing the solid methane moderator 
has been used to perform first neutron scattering experiments with a provisional 
prototype of the ROTAX spectrometer. The purpose of these test experiments was to 
basically demonstrate the capability and flexibility of the ROTAX principle. It was 
further to firmly test the prototype and our technical concept of the heart of ROTAX, 
the control of its synchronised analyser motor. Minimum effort was put on all the 
other spectrometer components of the test assembly, such as beam collimation, 
shielding, goniometer drive and automatisation, data aquisition and detector electronics, 
in order to keep them as simple and as cheap as possible. 

An aluminium single crystal has been used as a sample for the tests and was placed 
with its (001) scattering plane directly into the white pulsed neutron beam at 
Li = 12.08 m incident flight path. A cylindrically shaped Germanium single crystal of 
1.2 cm diameter and 5 cm height has been used as Bragg-analyser of the scattered 
neutron energies. It was mounted on the ROTAX analyser motor shaft, well balanced 
and well oriented with its < 110 > crystallographic axis parallel to the rotational motor 
axis. Its nutation amplitude has been measured to be less than 20 lrn. 10 3He gas 
tube counters, grouped in two arrays of 5 counters each, have been used as neutron 
detectors combined with standard RAL data acquisition electronics. The two detectors 
arrays and the ROTAX motor equipped with the Ge- analyser was then mounted on a 
double pivoting arm centered around the sample position. The reason for grouping the 
detectors within two arrays was to achieve sufficient angular resolution within each 
array in order to demonstrate the essential capability of ROTAX: i.e. to scan at least 
two time channels (or neutron energies) quasi-simultaneously within one frame of the 
neutron pulses. Fig: 2 illustrates schematically the geometric set-up, whereas the 
essential geometric parameters are compiled in tab. 1. As part of detector tests, one 
unit of the high resolution 6Li-glas szintillator detector bank JULIOS CS] has been 
used to specify details for the final detector decision for ROTAX. The JULIOS bank 
and its total data aquisition electronics was a loan from the powder diffractometer SW 

at the DIDO reactor at KFA Jiilich, and it was especially equipped with a suitable time 
analysis system of at least 12 psec time resolution in an adjustable 8 bit wide time 
window. 
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Tab. 1.: Test beam parameters as used for ROTAX test assembly: 

sample 

sample shape 

sample orientation 

analyser 

analyser shape 

analyser orientation 

analyser mosaicity 

Al single crystal 

cylindrical 3.7 cm 0, 

4.8 cm height 

<loo> x <OlO> 

in scattering plane 

Ge single crystal 

cylindrical 1.2 cm 8, 

5 cm height 

<lOO> x <Oil> 

in scattering plane 

7) lo N 

Fig. 2: geometric set-tip 
of ROTAX test assembly. 

analyser plane: 

Ge-(400) 

Ge-(220) 

dA=1.414 A 
dA=l.w A 

distances: 

moderator to sample Li=12.08 m 

sample to analyser La=0595 m 

sample to detector (He) Lf=O.585 m 

sample to detector (Julios) Lf=O.368 m 

beam size at sample 3.5 x 3.5 cm2 

primary collimaion 

secondary collimation 

natural in-pile 

none 

range of: 

scattering angle 4: 

analyser angle 8A: 

o”- loo0 

-2O”- llo” 

RoiRX S906iO T,EST BERM 

SAMPLE 
AL X.-TRL. 

l 

n-BERM 

DETECTOR I I 

ROTATING 
RNRLYSER 

Ge (2201 

UETECTOR I . 
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III. Calibration, Alignment and Background 

Mechanical uncertainties and misaligments in the spectrometer flight paths and 
especially in the angular setting of the scattering angle + and detector angle 20A with 
mechanical protractors, had to be determined and gauged. The .in- pile neutron flight 
path was determined by resonance absorption technique, where an auxiliary detector 
was put to the sample position to measure the incident time- of-flight of the 
4.280 eV and 10.360 eV neutron energies being absorbed by a lead foil, placed 
directly in the white incident beam. The secondary flight paths could be measured 
directly with sufficient accuracy. Hence, the effective scattering angle # as well as the 
detector angle 20~, were obtained straight foreward from neutron Bragg diffraction: 

2 d sin 8 = x=V&/E = 

with b=h2/2m,=81.8054 Az*meV, La and to 
m, = 10.454 1 meV.msec2*m-2 the neutron mass 
wavelength. d is the lattice spacing of the Bragg 

po/% to/Lo (1) 

the total flight path and total time, 
and E, X the neutron energy and 
plane under consideration and 0 the 

half of the Bragg scattering angle. Thus, $I is gauged by Bragg diffraction from the Al- 
sample (Q = $/2), whereas the detector angle 20A is gauged by placing the Ge- 
analyser on top of the ROTAX motor into the direct neutron beam (6 =20~/2). This 
diffraction mode of ROTAX was also used to lign-up the Al-sample and Ge - 
analyser crystal and to determine the offset values and zero setting of the #- and 
20*- circles, respectively (cf. fig. 3). 

The Bragg pattern of a Ni -powder sample has been used to calibrate and normalise 
the efficiency of the different 3He-gas tube counters. Some rather poor shielding of 
approx. 2 mm B& and 0.3 mm Cd sheets has been used to protect the detectors 
against strange irradiation from the air scattering of the primary beam and against the 
albedo of surrounding material, namely the steel ground plate, which was illuminated 
by the sample’s Bragg star under some obscured scattering angles. Still, there was a lot 
of fairly isotropic background intensity in the serious spectra. 

Fig. 3: set -up of ROTAX 

diffraction mode for spec- 
trometer calibration and 
aligment. 

1 ROTRX DIFFRRCTION MODE 

AL SRMPLE GE ANFILYSER 

DETECTOR 1 DETECTOR 2 

778 



IV. Mode of Operation 

The flexibility of ROTAX is to almost arbitrarily choose the type of time-of-flight 
scan in (Q&space. In our previous papers C1,6,7,9,101 two particular ROTAX-SCZUIS, 
namely the const. -energy and the const. - + scan, where the direction. of momentum 
transfer a/Q is fixed, have been discussed in detail. Regarding the corresponding 
motor performance and motor dynamics, the const. -energy mode of operation is, in 
general, much more power consuming ‘and more difficult to perform reliably than, for 
instance, the const. -$I scan mode. Therefore and in a first step, the const. - $I mode 
has been applied for all inelastic scans performed in the test experiments considered 
here. This is, however, by no means the end of phantasy; in fact, many other scan 
modes are, in principle, conceivable. For comparison with the corresponding PRISMA- 
mode of operation measurements with an oriented, but non -spinning idle analyser 
have also been done parallel to all of the basic “lighthouse modes”. 

The const.-4 mode is most adapted to measure excitations in longitudinal 
polarisation, where the reduced wave-vector ?j is parallel to the momentum 
transfer a. The time- of-flight parabola of energy vs. momentum transfer intersects 
naturally the extended dispersion scheme of an excitation, e.g. a phonon (cf. fig. 4). 
The excitation spectrum can be obtained from several Brillouin zones simultaneously 
and the appropriate choice of scan-parameter $ will uniquely define a desired point 
(m,,Q,). Of course, the same point (~,,a,) can also be scanned in const. -energy 
mode, for instance, but then there is only one intersection of the dispersion curve with 
the TOF-frames. This situation may change for transverse polarisation (fig, 5), where 
the constant. -energy scan mode may be advantageous ‘from that point of view. 

Fig. 4: Time - of - flight 
curves in (Q,o)-space 
for a const. -JI and 
const. -ii0 scan. The 
dot‘s indicate the inter- 
section of const. - 3/ pa- 
rabola with an assu- 
med longitudinal acou- 
stic phonon dispersion 
as discussed in text. 

ho 
const.- Y 

I 
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Fig. 5: Time- of-flight 
curves in (Q,o)-space 
for a const. -9 and 
const.-hiw scan. The 
dots indicate the inter - 
section of const.-fiio 
hyperbolic with an as- 
sumed transverse acou - 
stic phonon dispersion 
as discussed in text. 

ho 
const.- Y 

V. Elastic scattering 

Elastic scattering from the Al -Bragg peaks of the c 100 > -zone has been performed 
at a scattering angle of $ = 76.6 9 All Bragg reflections of the same crystallographic 
zone will occur at the same angle 9, however, their Bragg energies are different. 
Hence, these Bragg peaks are to be observed at different time channels of total 
neutron time- of- flight. On conventional TOF-x spectrometers with one idle analyser, 
only one of these Bragg peaks can be observed in due course, if the analyser angle is 
set properly to this Bragg energy. For comparison purposes we have done this with 
our test assembly as well, using the Ge-(400) reflection at 20~=52.6” to display the 
Al-(400) Bragg peak on the detector (fig. 6). We may call this mode the "PFUSMA 

mode” of ROTAX, because this is exactly what PRISMA at ISIS or MAX at KENS would 
do on each single one of their plenty analyser arms. We have had one arm only, 
equipped with one analyser crystal on the S9 test assembly, however, the ROTAX 

principle enforced us to do more with it: By setting both arms of the two detector 
arrays to angles of 20A(I)= 33.6 ’ and 20A(II)=52.6’ the Al-(600) and Al- (400) 
Bragg reflections could be observed simultaneously (fig. 7). In fig. 7 the intensities 
obtained from both detectors arms has been added to one file, just to clarify and 
simplify the presentation of the figure. ROTAX, i.e. the Ge- analyser crystal, has been 
spinned for elastic scattering in order to catch the two Al -Bragg energies of 117 meV 
and 52 meV, respectively. Both, the Ge-(400) and the Ge- (220) reflections have 
been used and of course, this does only affect the motor performance and dynamics, 
not the obtained neutron scattering intensity at the detector. 
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G. (666) ANALYStIR on Al (6C0h , - 76.6 (d*) 

Fig. 6: Al- (400) Bragg 
peak as obsenied‘with Ge- 
(400) analyser plane in 
PRISMA mode 
#I = 76.6 O- scattering ang2 

Fig. 7: Al-(400) and 
Al- (600) Bragg peaks as 
observed either with Ge- 
(400). or. Ge-(220) analy- 
ser. plane in ROTAX 

elastic lighthouse mode at 
$ = 76.6’-. scattering angle. 
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In case of elastic scattering, there is no difference between const.-energy and const. -9 
scans with respect to the motor performance. However, the motor dynamics depends 
significantly. ori the appropriate choice of analyser reflection pl,a.ne. The particular scan 
discussed here, performed much better when using the G&(220) reflection. as zjnalyser; 
because of its lattice spacing of dA- -’ 1.999 A, where the ‘average rotation frequency of 
the analyser is much more adapted to the ISIS: pulse repetition ,frequency. H’ence, the 
mean square acceleration of the analyser is less when using Ge- (220) instead of Ge- 
(400) reflection. Fig. 8 illustrates these two cases of motor dynamics and performance. 
The required and the actually achieved values for eA(tA) at the -time tA, ‘when 
neutrons arrive at the analyser, and its derivatives dOA/dtA, d?eA/dti are plotted, the 
dashed lines mark the desired time, channels for the Al-Bragg energies of 117 and 52 
meV, respectively. There is no general rule to ,determine -the ‘optimum“ a&lyser 
reflection. It rather depends on the ‘experimental condition and required parameters, 
such ‘as sample scattering angle 9, neutron energies to be scanned, actual motor 
performance and reliability under the terms ,of strict. synchronisation with the neutron 
source, intensity ‘considerations etc. Therefore; it is essential also. to look at the 
angular decoder values of the ‘analyser’s motor and to permanently monitor 
values in the data aquisition system of ROTAX. 

actual 
these 
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Fig. 8: ROTAX motor performance to the Al-(400)/(600) Bragg scans of fig. 7, 
a) with Ge-(400) and b) with Ge-(220) analysing plane. The analyser angle OA 
and its derivatives is plotted for 1 motor revolution in the time of 2 ISIS cycles. 
The dashed lines indicate the time channels of interest for _the (400) and (600) 
Bragg energies of aluminium. 

When using the Ge- (220) plane, the range of 20~ is naturally smaller than for the 
Ge-(400) plane. In fact, it was possible to cover the range of 2Q* between 15’ and 
60” with the JULIOS szintillator bank and to catch three Al -Bragg lines, namely the 
Al-(400), (600) and (800) reflection, simultaneously, i.e. within one shot. 

VI. Inelastic Scattering 

ROTAX is primarily dedicated to inelastic scattering, thus it is essential to demonstrate 
its capability in this field as well. The longitudinal acoustic phonons LAC 1001 of 
aluminium have been measured by means of const. -$ scans in energy loss for the 
neutrons, i.e. kf<ki. Fig. 9 illustrates the experimental condition: in the upper part of 
the figure the alimunium LAClOOl dispersion Cl 1 I is plotted together with the 
const. -$ TOF- parabolas for various values of the parameter $. The effective position 
of the two detector arrays is indicated. In the lower section of fig. 9 the Q-space with 
the Brillouin zone of the actual Al -lattice is shown together with the scattering 
triangle for the elastic and inelastic condition. 
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: 7 6.22 

inelastic 

. 

Fig. 9: LAClOOl phonon dispersion of aluminium, Q-space and 
ROTAX const. -$ parabolas of the test experiment discussed in text. 

LI , 

For const.-ti scans the obtained energy transfer ho in terms of scattering angle + and 
scan parameter + is given by Cll: 

fiio = h2 Q2 

e&l 
sinw + 4) = ii2 Q2 

sin $ 2mll 
(cos2$ + ctg# sin2+) (2) 

energy loss of the neutrons 

energy gain of the neutrons 

< 180” inelastic scattering, 
i$/ + #I = 180” elastic scattering 

> 180’ inelastic scattering, 

At a scattering angle. i = 91.4” LAC 1001 -phonons of aluminium have been observed 
in the (200) and (400) Brillouin zones at const. -$ varying between T/ = 44.3” and 
+= 38.3” in step of A$ = 1.5 O. A typical result is shown in fig. 10, where we 
present a multi -plot of the unfiltered original raw- data without any background 
correction or .monitor normalisation, just as obtained directly from each of the nine 
detector. ‘spectra --(in fact, counter #:l was idle). Counter #2-#5 were grouped in 
detector array II at. an angulq position of 28~(11)=99:4O, whereas .the others were 
grouped in detector array I at 20*(I)= 44.5 O (cf. fig. 2). Apparently, there- is the 
isotropic elastic incoherent scattering at time channels. of 9.8 msec and 4.9 .msec total 
time-of-flight. due to the Al - (200) and Al b (400) lines,- respectively. This -isotropic 

Thus, we obtain: ’ 1 
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incoherent elastic line originates from the fluorescense of the germanium crystal when 
it is irradiated by the very intense Bragg peaks of the aluminium sample. From either 
these elastic lines phonon scattering intensity is seen to emerge very clearly in both 
detector arrays. In fact, the phonon at 4.8 msec measured in the (400)-Brillouin zone 
is characterised by fiio = 4 meV energy transfer and ?j = 0.04 reduced wavevector, 
the other one at 9.2 msec, measured in the (200)-Brillouin zone, is found at 
hi0 = 1 meV and ?j = 0.01. All other peaks, bumps and bubbles of intensity shown 
in the spectra in fig. 10 are due to background scattering, because of weak shielding 
and the albedo of the steel ground-plate mentioned above. Real inelastic scattering 
on ROTAX has, in fact, to fulfill a 4-fold coincidence, because the incident and final 
neutron energy as well as the detector position and appropriate analyser Bragg angle 
at the desired time tA of neutron arrival at the analyser must all fit together 
according to the scattering laws of energy and momentum conservation. In general, 
background scattering does not fulfill all these requirements at once. 

ROTAX TEST 0690 

DETECTOR 

O! # I I I I 4 I I 

2 3 4 5 6 I a 9 10 11 

TIME (msec) 

Fig. 10: Raw- data TOF-spectra of two Al -phonon lines of a 
const.-$= 42.8’ scan with Ge-(220) at $=91.4°scattering angle. 

Although in energy loss of the neutrons, inelastic scattering occurs prior to elastic scat- 
tering, because of two reasons: a) the analyser is spinning with increasing @A, hence 
decreasing analysing final energy, b) inelastic scattering occurs from accordingly more 
energetic and thus faster incident neutrons. A more distinct presentation of the ex- 
perimentally observed phonon lines is given in figs. 11 and 12: fig. 11 shows a win- 
dovri of the original TOF-spectrum for the 4 meV phonon together with an according 

784 



background spectrum. as obtained. from a. 26*-offset scan. Fig. 12 presents the 
1 meV phonon more ‘pronounced and in. addition to the incoherent elastic line 
plotted in a scale of energy transfer. The elastic line immediately disappears, if the 
Al -crystal is rocked to another position in $, where the Bragg beam of divergence IX~ 
does no longer hit the analyser crystal. In fact, this condition is fulfilled and conse-. 
quently no such incoherent scattering has been. found for higher energy transfers or re- 
duced values. $<42’, where $<$.+.-0(1/2 for &l=(lSO” -$)/2 (cf.. eq 2 and fig.,..lS). 

rnt1~~+=42~. 0=91.4*. q-0.04. b=4meV. r-AI(4OOX 2eA=4~'. E;;36mcV. W220) 

I 
..I 

I- 

ROTAX _ 
t 

Fig. 11:’ The T= (400), 
q -0.04, .fiw = 4meV 
LAClOOl phonon of 
fig. 10 together with a 
20A-offset background 
SCan. 

0.5 

ol 

3.0 3.5 4.0 4.5 5.0 5.5 6.0 

T I M E (mxc) J 

Fig. 12: The Al- (200) 
incoherent elastic scat - 
tering and the q=O:Ol, 
ho = 1 meV phonon of- 
fig. 10. 
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It is not possible to obtain all these longidutinal phonon modes in the "PRISMA 

mode” directly. Therefore no PRISMA- type scan of the measurements discussed above 
can be given for purposes of comparison. This, however, may be regarded as an 
illustrative example of the advanced scan flexibility on ROTAX! 
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Fig. 13: The 7=(20(l), 
q = 0.02, hi0 =2meV 
phonon ,of aluminium 
without an ‘accompany- 

ing elastic incoherent 
line; scanned with 
const.-+ = 41.3’ at 
# = 91.4 O scattering 
angle. The Ge-(220) 
analyser plane was 
used. 
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Anyhow, to give an idea about the competition of a ROTAXed “lighthouse mode” 
versus the "PRISMA mode” of operation, we shall give in the following an example of 
a tranverse TA[ 1001 phonon scan (cf. fig. 5) of aluminium, taken at r = (410) for 
wavevector Yj = 0.5 [OlO] and ho =25.4 meV. In figs. 14 and 15 the inelastic scattering 
intensity of this zone boundary phonon is plotted vs. energy transfer as obtained from 
the PRISMA and ROTAX mode, respectively. The intensity has been normalised to the 
monitor count- rate and corrected for background scattering in either case. 

)-91.4.. q-0.5. I*I-2SlmeV. T-AI(~IOA 20A-4e. EpllmcV. Ge(220) 

Fig. 14:. The TAClOOl 
zone boundary phonon 
of aluminium at 
ho = 25.4 meV. 
PRISMA mode at 
#I T 91.4” scattering 
angle with Ge-(220) 
analyser. 

PRISMA MODE 
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Fig. 15: The TAC1001 
zone boundary phonon 
of aluminium at 
hi0 = 25.4 meV. 
ROTAX const.-$=36.1” 
mode at 4 = 91.4’ 
with Ge-(220) 

fan-+36.1*. +-9l.4*. qd.3. Ilu=2%4meV. r-Ai(410). i&,-d. tQ=3lmeV. Oc(226) 

,ROTAY'MODE' 
2s I 

t4. 16 16 26 30 _. 

Apparently, ROTAX performes about equally with PRISMA under the same 
experimental condition. Further, the actuaily achieved motor performance should not 
be omitted for this particular example. The required and achieved values of the 
analyser Bragg angle 0 A and its derivatives are plotted in fig. 16 for one motor 
revolution in the time of two neutron frames. Of course, the accurate setting of the 
analyser Bragg angle is of striking importance for the intensity obtained on RQTAX, 
whereas the accumte pekformance of the angular speed is of importance for the 
ROTAS motor regu@ion government and the angular acceleration is the dominant 
factor for the torque and power of the motor. The dashed lines in fig. 16 again 
indicate the desired time channel of best achievable accuracy, and, of course,’ there. is 
only one such time channel of interest for this particular scan, because there is only 
one excitation line in every neutron-frame to be measured. 
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Fig. 16: ROTAX motor perfor- 
mance to the transverse 
phonon scan of fig. 15. The 
analyser angle OA and its 
derivatives is plotted for ‘one. 

motor revolution in the time , 

of 2 ISIS cycles. The dashed 
line indicates the time channel 
of interest. 
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VII. Concluding remarks 

After more than four years of research, design and development of the fundamental 
technical devices for ROTAX, i.e. the control unit for its spinning analyser drive, we 
were able to demonstrate the principle proof on the basic capability and performance 
of the instrument under realistic neutron scattering conditions. In a two -phase test 
experiment on the S9 test beam facility at ISIS this success has been achieved with a 
provisional assembly of the ROTAX spectrometer and with a prototype of the motor 
control unit. Only minimum effort has been put to background suppression, full . 

detector furnishment, software comfort and experimental elegance, and still phonons 
have been measured successfully with sufficient intensity and peak- to-background ratio 
within reasonable counting times. Although the technical development of ROTAX is by 
no means complete and finished yet, further improvements already being under 
construction will enhance the reliability and accuracy of the ROTAX drive considerably, 
we are now in the position to say without any doubt: ROTAX is working and it will 
fulfill its promisses! We shall now enter the “concrete phase”, starting the design and 
installation of the spectrometer and its bulky components at $.s finally desired position 
behind the angio -italian PRISMA spectrometer on the N2 beam line at ISIS. We 
expect to become operational in earli 1993. 
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Q(I.M.Thorson): What angular tolerance are you achieving at present? 
A(H.Tietze): The present 0.5’, although 0.1’ is required and we see how to achieve this. 

: . 
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ABSTRACT 
The development of eVS at is reviewed. 

I. INTRODUCTION 

The electron volt spectrometer (eVS) is dedicated to measuring atomic momentum distributions 
in condensed matter. At sufficiently high energy and momentum transfers the impulse 
approximation is valid and the scattering is identical to that which would be obtained from a free 
gas of atoms, with a momentum distribution identical to that of atoms in the target system. The 
neutron scattering cross-section is then related in a simple way to the atomic momentum 
distribution function by conservation of energy and momentum, as in ‘billiard ball’ collisions. 
These ‘Dee Inelastic Neutron Scattering’ measurements are possible only on pulsed neutron 
sources sue R as ISIS, which have sufficient intensities at the neutron energies required for the 
im 
di R 

ulse approximation to be valid. eVS is an inverse geometry spectrometer, where the filter 
erence technique is used to analyse the energy of scattered neutrons at energies greater than 

4 eV This enables energy transfers between 10 and 30 eV and momentum transfers greater than 
100 A-’ to be obtained. 

The technique is particularly valuable for the investigation of hydrogen potentials in, .for 
exam 

P 
le, hydro 

unction, w i 
en bonds or metal hydrides. It gives direct information on the hydrogen 

wave ich is complementary to the information on energy eigenfunctions obtained by 
conventional neutron spectroscopic techniques. A preliminary measurement on the anisotropy 
of the proton momentum distribution in a single crystal of KHCO3, has given very promising 
results, des 
parallel an B 

ite the non-ideal instrument geometry [l . The rms momentum components 
perpendicular to the hydrogen bond were l! ound to be significantly different and 

were in excellent agreement with calculations using a potential derived from previous neutron 
spectroscopic measurements. 

The time-of-flight scans for the measurements on KHCO3 are shown in Figure 1. In the impulse 
approximation the neutron scattering function S(Q,c) is peaked along the ‘recoil line’, 

= Q2/(2M) where M is the atomic mass. This corresponds to scatterin 
K 

from a stationa 
itom with conservation of energy and momentum. The atomic motion Dopp er broadens S(Q,E r 
into a function of width N 
recoil line and the measure s 

Q/M, at constant Q, where p is the rms atomic momentum. The 
FWHM of S(Q,E) are also shown in Figure 1. The position at which 

the scans cross the recoil line determine the energy and momentum transfers at the eak 
posjfion. It can be seen from this that an energy transfer of N 20 eV and momentum trans P er of 
50 A-’ were obtained at the highest scattering angle. These values are respectively 100 and 10 
times greater than those obtainable on reactor sources and should ensure that the impulse 
approximation can be used with confidence. 

T ical time-of-flight scans are illustrated in Figure 2 It can be seen that the hydrogen peak (the 
le t hand peak) is well separated from the peak obtained from IS, C, 0 and Al atoms in the Yp 
sample and sample holder. This easy separation of the hydrogen scattering is one of the 
advantages of the technique. As the scattering angle increases, the hydrogen peak moves to 
higher energy transfers (and hence shorter times since eVS is an inverse geometry instrument). 

It is anticipated that many of the experiments during the next year will measure the anisotropy of 
the proton momentum distribution in single crystals. eVS has been redesigned for such 
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. . . 

measurements. ‘Rvo banks of detectors at A 45” allow for the simtiiltllneous m&kireme~t of-the 
distribution of momentum components along directions separated by 90”, with good resolution. 
More sophisticated data analysrs should facilitate the measurement of the shape of the atomic 
momentum distribution, rather than simply mean momentum components. 

Recal Line: 

Fi ure 1. Time-of-flight loci from the 
$ the06 eVAu resonance analyser used in 

momentum distribution 
measurements on a single crystal of 
KHcos. 

.’ 
, 

_ 

: 

r 

Figure 2. Recoil scattering from 
KHCO3 with momentum transfer 
along the -hydrogen Ibond. Scattering 
from . hydrogen - occurs t at high 
energies/short times and is well 
separated from that -due to heavier 
atoms. i . 
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ABSTRACT 
We have continuously improved the polarized cold neutron spectrometer 

which is named TOP. Several methods for polarized cold neutron experiments 
can be considered, and in the depolarization measurement we have currently 
obtained the excellent results. In the present development, we modified the 
spectrometer for the purpose of the achievement of small angle neutron 
scattering (SANS) experiment to the practical level. 

I. Introduction 

The TOP spectrometer ( Time-of-flight spectrometer with Optical Polarizer ) 
was constructed at the pulsed cold neutron source (KENS) at the National Laboratory 
for High Energy Physics (KEK) to study mesoscopic magnetism in 19801),2), and the 
wide mesoscopic scale is covered by various methods. We are aiming to obtain 
complementary informations over the wide scale. 

To investigate the magnetic structure of the mesoscopic system, polarized cold 
neutrons are advantageous, and we can consider several methods using -the TOP 
spectrometer as follows; 

SANS 
integrated intensity 
scattering function 
polarization analysis 

Reflection 
Depolarization 

( already established ) 
( present develonment ) 
( under construction ) 
( under construction ) 
( already established ) 

In the previous TOP spectrometer, the depolarization method has been achieved to the 
practical level and the excellent results have been obtained for the studies of 
magnetization process of ferromagnets or spin glass3. In the SANS experiments, we 
obtained good results for the studies where the integrated intensities were discussed, 
for instance, the study of helical spin structure4), however, the scattering functions 
could not be discussed due to poor resolution. Therefore we decided to modify the 
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spectrometer using .a position sensitive detector (PSD) system and improved both 
resolution and totals counting rate. We mainly report the development of the.,SANS 
system. : T . . . . 

II. Overall layout‘ 
.’ 

The typical SAk system.,where the resolution and the intensity are optimized 
consists of the moderator, the sample and the, ditector5). In the TOP spectrometer, 
there exist a neutron guide tube and a polarizer between the moderator and the 
sample. Neutrons are propagated by total reflection in the guide tube and the 
polarizer. Since the divergence of neutron beams propagated by total reflection are 
not changed, the moderator surface can be replaced by the outlet. of the polarizer._ On 
the basis of the optimization for the geometry mentioned above, we modified the TOP 
spectrometer introducing a PSD system. PSD’s adopted inour development are l/2 
inch-in diameter a@ 24, inches ineffective. length with 3He of 10 ,atm in pressure. 
Three ,PSD’s are parallely arranged and essentially one-dimensional measurements 
are aimed, since the measurements of the ,magnetic scattering are mainly .performed 
and the magnetic scattering ‘occurs one--dimensionally. for an applied field. The 
positional resolution at PSD’s is 1 .l cm and the .width of a timing channel in the time 
analyzer is 1.536 msec. ‘ 

The overall layout of:. the TOP spectrometer is displayed- in Fig& The 
polarizer and the spin flipper were already establishedl)s2). We mainly designed a 
new scattering chamber to minimize the air scattering effect, so that we can 
assemble the detecting system in the vacuum chamber at 0.01 Torr in pressure. 

3 

POL. GUIDE SPIN GUIDE SAMPLE GUIDE ANA., 

I lil 1 
E’ 900 

_A 
,FIELD FLIPPER FIELD TABLE FIELD .PSD 

Schematic drawing of-the TOP spectrometer. : I 
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.-We also mounted preamplifires-; polarization handling devices such as spin 
analyzers and guide magnets- with-a uniform ‘field of 300e, a mechanical-elevator for 
setting the analyzers, and a beam stopper system in front of PSD’s in the compact 
scattering chamber. We mounted two analyzers for transmitted beams and for 
scattered beams. The analyzer for scattered beams is mounted at one position of 5”, 
6O, 7” and 8” in the scattering angle. Two analyzers are on a tableand the reflecting 
angle of neutrons within the analyzer is set by rotation of the table. The analyzers are 
removed downward in the experiment without analyzers. 

Moreover, we developed data acquisition. system in the introduction of PSD 
system, which was already reported6). 

III. Characteristics of SANS system 
_ 

First we estimate the Q-range and its resolution in the SANS experiment with 
the typical experimental- condition. In the typical condition, the ranges of the 
scattering angle and the wavelength are $=l.O-&lo and X=3-9& respectively, and 
their resolutions are A$=14mrad and Ah=O.l9& respectively. Figure 2 shows the 
calculated Q-range and its resolution AQ for the typical condition. The Q-range 
between 0.012 and 0.29 A-1 is covered, practically 0.02-0.28 A-1 is covered. AQ 
shows weak dependence on scattering angle (I and h, and AQ=O.Ol for 98, in 
wavelength. 

10 

8 

8 

0 2 4 8 8 10 

WAVELENGTH X [A] 

The Q-range and -its resolution AQ calculated for the typical 
experimental condition. The inside region of the rectangle is available. 
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Next, Figure 3 shows the intensity against the positional channel of PSD’s, 
integrated over the timing channels and reduced to the intensity at the sample position. 
The sample is .H20 of lmm in thickness. The divergence of-the incident beams is 
7mrad both vertically and -horizontally. The divergence i is corresponding t.o the 
collimationdetermined by the area, of the polarizer outlet and the beam cross section 
of&sample.-. ‘I. ,* ,.. _, .‘:, 1; .:. L I ._ ..‘.. 

a -‘Additionally we .also imp.roved the polarization using : supermirrors. The 
quality of polarized neutrons consists ‘of-polarizing- efficiency of the polarizer PP, that 
of the analyzer PA and the flipping efficiency of the spin flipper f. Figure 4 shows the 
p.olarizing qualities- PPPA and, f determined by the measurement of transmitted 
beams, The flipping efficiency f is almost unity in the whole range of wavelengths. 
The polarization efficiency PPPA in the present development is greater, ma.6 that of 
the previousTOP spectrometer. In the measurement, the analyzer was the 
supermirrors for the present status and the previous. type mirrors2) for the previous 
status, and the polarizer was the previous, type mirrors for each status. ,T'he principle 
of the previous type mirrors i-s based on the spin-dependent total reflection. 
Therefore the difference of PPPA between the present TOP and the previous TOP is 
the difference between the supermirrors and the previous type mirrors. We are 
planning to use a supermirror polarizer in;no distant future. ’ : * . 

:‘_ 

1 

too0 

z 
cn 

800 c1 

E 

'* 600 

0 16 3-2 3 48 64 

positional channel 

Fig.3 Normalized intensity Fig.4 Wavelength dependence of 
against the positional channels of the polarizing -efficiency PPPA and the 
PSD’s, .integrat.ed over the timing 
channels and reduced. to .the., intensity at 

flipping efficiency f. The solid line: is 

the sample position. i i 

! the polarizing. efficiency of the 
previous TOP spectrometer. : ‘ 
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IV. Demonstration 

Now we demonstrate an example of the SANS experiment.. Figure 5 shows the 
scattering intensities from a cobalt ferrofluid7). The beam cross section is lcm2 and 
the sample thickness is lmm. It spent about 2 hours to measure each scattering curve. 
The shoulder on the intensity is corresponding to the interparticle correlations. 
Ferrofluids are colloidal suspensions of ferromagnetic particles of about 1OOA in 
diameter and a suitable system for polarized SANS experiments. 
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Fig.5 The observed scattering intensities from a cobalt ferrofluid. It spent 
about 2 hours to measure each scattering curve. 
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Fig.6 Distinguished structure factors under QIH ( closed circle ) and Q//H 
(open circle). The inter-particle correlations are isotropic under the weak external 
field of 1OOOe (a) and anisotropic under the strong field of 10 kOe (b). 
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The structure factors distinguished from the intensities are shown in Fig.6.. The 
interparticle correlations are isotropic’ under l~G’e_ but an&tropic’ under 10 kOe. 
First, the structure factors, under. the_.weak-field are well .approximated, to random 
distribution of sphericalparticles, soTcalled Percus+Yevick. approximation8). The 
solid line in Fig,6 is. the,- calculation. for- the parameters of the volume fraction 
including surfactants q=O.l 1 and the diameter d=90A which are experimentally 
determined. Next, the structure factors are anisotropic under the strong field andeach 
structure factor has a main peak in the position corresponding to the particle-particle 
distance 0.75d and a shoulder corresponding to d. This result indicates that the 
particles are aggregated densely and the aggregation is stretching along the strong 
filed. 

V. Conclusion 

We have continuously improved the TOP spectrometer. The SANS 
experiments have achieved to the practical level by the present development and we 
have obtained excellent results. By the depolarization method, excellent results have 
been currently obtained as in the past. 

Our next step is the development of the polarization analysis of the SANS 
system and the reflection method. In the present status of polarization analysis of 
SANS, the smallest scattering angle is 5”. If the analyzer can be placed at the position 
of smaller angle, for instance 2’, polarization analysis will work for the strong small 
angle scattering. Further developments are required and it is now under construction. 
The reflection method was listed above as another possible experiment using 
polarized neutrons. This method is known to be useful for studies of surface 
magnetism. Well-collimated beams are required for the realization of this method, it 
is also under construction. After these construction, we will achieve our purpose. 
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Q(J.B.Hayter): Does the polarization efficiency drop at longer wavelength because of depolarization effects 
somewhere in the instrument (perhaps in the Drabkin flipper)? Normally, it is easier to obtain good efficiency 
at long wavelength, unless q is small enough that (q/X) becomes very small. 

A(S.Ito): For the Soiler type magnetic mirrors, spin dependent critical wavelengths h* - ( b f p )-l/2 exist, 
neutrons are polarized in the range of kc+ c A < kc-. If we could ideally choose as b = p, kc- + ~0, however, 
&- becomes finite because of the difference between b and p. Therefore beam is depolarixed by the neutrons in 
other spin state. 

Q(R.Pynn): Why does the polarization decrease with wavelength on TOP? 
A(S.Ito): N/A 
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ABSTRACT 

The effectiveness of neutron reflection measurements as a probe of surface and interface 

characteristics depends on the dynamic range of wave vector transfers over which the 

reflectivity can be measured, and upon the resolution possible within that range. We 

discuss some aspects of the design and our experience of the performance of the Surface 

ProfilE Analysis Reflectometer SPEAR at LANSCE with respect to collimation, wave 

vector transfer range and resolution and suppression of background. 

I. INTRODUCTION 

The reflection coefficient for neutrons (illustrated schematically in figure 1) is related to the profile of the 

neutron scattering length density, p, normal to the reflecting surface. For low reflectivities the relation 

reduces to the relatively simple form [I ,2]: 

W 
2 

In which the reflectivity is proportional to the modulus squared of the Fourier transform of the gradient 

of the p profile and falls off as the fourth power of the reflection wave vector transfer perpendicular to 

the reflecting surface or interface. QR = 4xsin&h, where 8 is the angle of incidence and h is the 
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Figure 1. A schematic illustration of a reflectivity measurement. We wish to infer the scatiering length 

density profde p(z) from measurements of the reflectivity R as a function of the scattering vector QR. 

neutron wavelength. Neutron reflectivity experiments measure the specular reflection as a function of 

QR, yielding information about ‘the composition and density gradients at surfaces and interfaces. 

As equation (1) makes clear, the information available from a neutron reflection experiment 

depends largely the dynamic range in QR over which the reflectivity can be measured. The maximum 

value of QR essentially determines the depth resolution of the technique. Fitly, this will be limited by 

available neutron wavelengths and scattering angles. Secondly, since reflectivity falls so rapidly with 

increasing scattering vector, instrumental backgrounds form various sources can combine to limit the 

minimum reflectivity, and hence maximum QR. Finally, the ultimate limits to the useful QR range are 

determined by sample dependent effects, such as incoherent scattering from the bulk [3]. 

II. SPEAR at LANSCE 

On November 2-3, 1987, a workshop was held at the Los Alamos National Laboratory to discuuss the 

design criteria for a time of flight reflectometer based on the spallation neutron source at the Manuel 

Lujan, Jr Neutron Scattering Center (LANSCE) [4]. A feature that was overwhelmingly supported at 

the meeting was a vertical scattering plane, which allows reflection measurements from unconstrained 

liquid surfaces. Given the design restrictions associated with necessarily horizontal samples a number 

of measures were suggested to maximize the,accessible range of Qc It was decided that the instrument 

should view a cold moderator to make available a large .a range of neutron wavelengths as. possible. 

Also, since backgrounds associated with spallation neutron production are intense, tight collimation of 

the neutron beam within the bulk biological shield was advised. Since the level of shielding required 
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necessarily futes the incident angle upon a liquid surface, it was further decided that, the instrument 

should provide two independently operable beams at different angles to the horizontal. Thus allowing ;t 

choice of high and low angles of incidence and a consequent flexibility in QR ranges depending on the 

reflecting strength of samples. ‘- 

The configuration of SPEAR as built on flight path 9 at LAMSCE [S] is shown in Figure 2. 

The instrument views the liquid hydrog?n moderator.:. Mainta+d at 20K, produces observable neutron 

flux to about 50 A, well beyond the range ne&ssary f&reflection experiments. The nioderated 

neutrons are collimated into two beams. within the &,&ScE target’s bulk bioIogica1 shield. These 1 . 

beams are inclined downward at angles bf 1.5” tid l& to the’horizontal and converge at a common 

sample position 8.73 m downstream frgm,the &&&&. .A specially designed mercury shutter allows 

the beams to be operated either indeperdently or-sitiu&ne@y. As defined by the in-shield collimation 

the vertical angular full width of neutron illyrnination & the sample position of the. beams is 0.15’ and 

O.l’, 10% of the nominal: angles of.incidencd on a ho&&l sample, with a horizon&l divergence of 

0.25’. The standard detector position is a further 3.65 in downstream from the sample. The moderator 

to detector distance of the instrument is therefore 12<38 A.’ At the LAiVSCE s6urce’s 20 Hz repetition 

rate this leads to a first frame overlap wavelength of -66.0 A. 
_ . . . 1 
. . 

1x1.~~ FLASH AND FRAME OVERLAP BACKGROUND suPPREss10~ 

Equipment in the beam handling area betwee.n the bulk:+ield and the sample position is used to further 

tailor the beams’ wavelength composition and horizon&l colliniation, and to suppress background e 

contributions. . 

The first comionent encountered in this region&a TO chopper, locatedin a heavily shielded 

cave just outside shutter exit, about 4.5 m from the mqderator: This device rotates to bring a 300 mm 

Nickel alloy (Inconel) slug-into the beam paths during &einitial flash of high energy neutrons and 

gamma rays from the spa&ion target, blocking them from the instrument dave proper. Altering the 

rotation direction and phasing of the chopper with respkct to the neutron pulse allows the chopper to be 

opened as soon as desired,after the flash for &her be&. Typically we set the chopper to open at about 

3 ms, admitting-neutrons with wavelengths greater t&L 1 A. 

The fast neutrons eliminated by d&hopper m a particularly significant background at shot-t 

times, since they can be modera&i in .the instrument cave shielding and scatter into the detector arriving 

at the same time as neutrons reflected from @e sample, &er$vh&ning a weak reflection signal from 

short wavelength neutrons at high wave vector transfers. Our measurements of cave backgrounds show 

a background reduction by about three orders of magnitude when this chopper is in operation. 

A further advantage of this chopper is that is enables direct measurement of the incident 

illumination upon the sample at short wavelengths using the same detector as we use for reflection 

measurements. Without the chopper it proved impossible to shield a normal 3He tube detector 

sufficiently to prevent saturation due to the flash, from which the detector took 5 to 10 ms to recover, 

without blocking the moderated neutron signal altogether. This made a direct incident beam spectrum 
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Fine slits & converging collimation 

Moderator 

Target 

Figure 2 Physical layout of the Surface ProfilE Analysis Reflectometer SPEAR at LANSCE. Tht 
operation of the moderator, bulk shield collimation system, the Tn chopper, the frame overlap 

chopper and mirrors, and detector are discussed in the text. 



impossible for wavelengths below about 3 A, and thii region had to be measured with a less sensitive 

monitor detector. This introduced errors due to efficiency corrections between detectors into our 

determination of the reflection coefficient in this region. With the frame overlap chopper even our rather 

mom fragile linear position sensitive detector can be used in the direct beam path with only cadmium 

slits in the beam handling area and at the sample position to reduce the neutron signal to suitable rates. 

Measurement of the incident illumination over the range 1 to 3 A, increases our the reliably normalizable 

dynamic range range in Qt at a given.angle of incidence by, a factor of three. 

The neutron beams leave the entcrthe instrument cave proper from the To chopper cave passing 

through narrow channels in the heavy shielding wall,.and encounter a frame chopper mounted on the far 

side of that wall at the midpoint of the beam line (6.19 m). This chopper consist of a lightw.eight 

neutron absorbing disc @oral backed by Cadmium) with two opposing 90’ segments removed. 

Rotating at one half of the source repetition rate this chopper admits neutrons from either 0- 16 A or 16- 

32 A depending on its direction of rotation. This has two, effects. Primarily, this increases by, a factor 

’ of two the range of Op accessible in measurements at a single angle, anti allows us to measure 

reflectivities from a horizontal sample down to wave vector transfers of 0.007 A-1 using the 1 ,O” beam. 

It is also reduces frame overlap contamination of the reflected beam signal. Frame overlap ( 

contamination is a critical problem for time of flight reflection measurements since the falloff in intensity 

at longer wavelengths is offset to a large extent by the rise in reflectivity (at least until total reflection is 

reached at the critical value of a). While this has a favorable consequence in that it evens out count 

rates and hence statistics across QR range of a reflection measurement, it also allows relatively few slow 

neutrons from a previous pulse reflected since they reflect very strongly from the sample to result in a 

signal comparable to that from the weak reflection of many more faster neutrons from the current pulse, 

when they arrive at the detector at the same time (l/v cross section conpibutions to detector efficiencies 

also work to exacerbate this problem). The frame overlap chopper acts as our first line of defence 

against this effect, blocking cross talk between the reflection signals .the neutrons from two time frames. 

As it happens, the hydrogen moderator is efficient enough that the i-16 A reflection signal can 

also be affected by frame overlap contamination from at least the beginnings of the 32-48 A wavelength 

band admitted at the same time by the chopper. The simplest way to eliminate this final long wavelength 

contamination is to take advantage of their high reflecivity to filtering them out of ‘the beam. We use a 

set of Nickel film on Silicon mirrors set at a relatively high-angle (-3’) such that neuuons beyond 32 A 

are totally reflected out of the beam onto the sample. 

IV. BULK SHIELD COLLIMATION AND INSTRUMENT RESOLUTION 

The choice of a vertical scattering plane and the use of neutrons of wavelengths of tens of A has 

consequences not usually encountered in conventional neutron scattering Our colIim.ation, to a first 

approximation a geometricoptics system of the simplest kind, has had to be designed to take into 

account gravitational “aberration” effects which become significant in our 1632 A frame. 
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Since we deal with such small angles of incidence (e c 2’) the acceptance of most samples is 

small, of order a milhmeter or so. Effectively acting as a narrow slit, this strongly defines the 

collimation of the neutrons In order to reduce background in the instrument we decided to do as much. 

initial collimation as possibie within the bulk shield In the absence.of gravitational affects neutrons the 

small acceptance of the sample would (with slight corrections.for non-zero sample acceptances) allow us 

to define the angular spread (A@ of the neutron beam upon the sample with a system of collimating slits 

converging to the sample position. A schematic of the actual situation is shoti in Figure 3’. Slow 

neutrons will actually fall appreciably away from a line of sight path in the time it takes them to travel 

from the moderator to the sample - a 32 A neutron travels at 124 ms-i and would fall 24 mm below the 

sample. To reach the sample slower neutrons need to start out at an angle above the direct path ‘and from 

lower down on the moderator and these paths are blocked-by line of sight collimation. This will cause 

us to lose illumination at longer wavelengths and will also cause the collimation angle to vary drastically 

with angle becoming tighter as a greater fraction of the paths are blocked eventually cutting off 

altogether. (This collimation variation is the main reason that this “gravitational filtering” of long 

wavelength neutrons was rejected as a solution to the 32-48 A frame overlap contamination, in favour 

of the Nickel on Silicon reflection filters mentioned in the previous section.) To allow such paths the 

I 
BULKSHIELD _+j 

- COLLMATlON 
SAMPLE 

I 

I 

I 
I 

Figure 3. Gravitational effects on slow neutron trajectories (the vertical scale is exaggerated), 
showing the necessary breaking away of the bulk shield collimation elements to allow longer 
wavelength neutron to reach the sample position. 
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lower half of the collimation system has to break away from the line ofsight path as it nears the 

moderator. At the entrance to the our collimation about 1 m from the moderator the slit edges of the 

collimation system have to be 7 mm below the fast neutron line of sight paths to allow a full angular 

spread, de, of 32 A neutrons to reach the sample unimpeded. 

One obvious consequence of the noticeably parabolic trajectories followed by longer wavelength 

neutrons is that they are incident upon the the sample at a higher angle of incidence than the line of sight 

collimation. At the 4.47 m separation between the exit slit of our collimation system and our sample 

position the center of the incident angle distribution is higher than the nominal line of sight value up by 

0.08’, representing a +5% shift in QR for the 1.5’ beam incident upon a horizontal sample. Another 

consequence of this higher angle of incidence is that when the slower reflected neutrons leave the sample 

they are initially aimed higher on the detector plane than the nominal straight line reflection trajectory. 

However, en route to the detector they will fall back towards and eventually cross its level as far from 

the sample as the sample is from the collimator exit (independent, to first order, of the angle of incidence 

upon the sample). Thus, if the collimation exit to sample distance were the same as the sample to 

detector distance, the reflected beam position on the detector plane would be essentially independent of 

wavelength. On SPEAR this was not quite realized, the distances are 4.47 m and 3.65 m respectively, 

resulting in a slight shift upward over the nominal postion on the detector of 1 mm for the reflection of 

32 A neutrons. Both these effects are easily dealt with in software when the reflection signal is 

normalized to the incident spectrum (as are related effects: a slight amount of gravitational focussing due 

the increase in angle, and an effective increase-in the sample’s acceptance). 

SPEAR’s current detector is an Ordela 1202N linear position sensitive detector with a resolution 

of 2 mm FWHM and an active length of 200 mm [6]. We acquired this detector mainly to enable the 

measurement of diffuse scattering from rough surface and interface samples and to allow us to measure 

and correct for instrument backgrounds by measuring in the off specular region simultaneously with our 

specular reflection measurement. For many good quality (flat) samples the detector has provided us 

with an unexpected bonus, allowing relatively high resolution measurements to be made without further * 

collimating the incident beam and suffering a consequent loss of incident intensity. 

Since our reflection plane is vertical this is the usual orientation of the detector allowing us to 

determine angles from the sample position 3.65 m away with a resoltion of -0.03’ FWHM. Data 

collected from by this detector is usually displayed by our analysis software as a two dimensional colour 

image. Figure 4 shows a typical data set, in this case reflection showing interference fringes from a thin 

film of Nickel on a Sapphire substrate. Withangle on vertical scale and time of flight horizontally, the 

figure clearly shows that we can resolve features in wave vector transfer across the width of the beam, 

with the interference minima clearly crossing at an oblique angle. In fact, for many samples, such as 

this one, which show very little diffuse scattering and no significant broadening of the beam due to’ 

ripples on the sample surface, we can assume to a good approximation that all the scattering we see is 

specular, relative to the mean plane of the sample. If this is so the angular structure of the beam is 

undistorted by reflection from the sample and angular relations across the beam relate directly to 

relations of angles of incidence. In which case reflection features are aligned in directions of constant 
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Figure 4. Reflected beam signal display from the SPEAR data acquisition system. The 0.15” 
collimated incident beam is clearly modulated by freer constant QR structure upon reflection, 
representing higher resolution reflectivity information. 

QR = 47rsinW4. Since sine is proportional to height on the detector and h is prortional to the time of 

flight these are lines of constant height/r, which is what we observe to be the case. (The gravitational 

shifts mentioned in the previous section distort this relation slightly). 

This observation has meant that in general we have needed to do very little fine collimation 

beyond the bulk shield for good quality samples. Using the postion sensitive detector and the constant 

QR transform outlined above, we axe able to determine the reflectivity to a resolution, typically AQR/Q~ 

-l-2%, limiteded mainly by the angular resolution at the detector (determined by the detector resolution, 

the sample acceptance and the sample detector separation) and the wavelength resolution (determined by 

the neutron pulse width and the time of flight binning), and largely independent of our incident beam 

collimation. 
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V. CONCLUSION 

We have presented some of the design features of the neutron reflectometer SPEAR. Using a TO and 

frame overlap choppers we have shown that background can be significantly reduced allowing 

measurements of much lower reflect&&es. ‘We have.found that we can tiake routine use of neutrims up 

to 32 A on pulsed source instrument by proper design of a collimation system which allows for 

gravitational effects on Slow neutron trajectories. Finally;for’ many samples the use of a position 

sensitive detector enables us to make reflectivity measurements at good resolution and high incident 

intensity using a relatively coarsely collimated beam. 
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Q(M.Furusaka): What is the type of detector you use? 
A(R.Pynn): An ORDELA linear PSD with a nominal positional resolution of about 1.5mm. 

Q(W.G.Williams): At what wavelength does the gravity correction become significant? Our calculations at RAL 
suggested gravity effects could be ignored at hclOA. 

A(R.Pynn): I would agree. We can just see the correction towards the end of the first frame, around the 14A mark. 
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Abstract. SANDALS is a liquids and amorphous diffractometer which uses the broad epither- 

mal flux of neutrons available at a pulsed neutron source. It exploits the fact that the Placeek or 

inelasticity correction in diffraction data from liquids is minimised at small scattering angles and 

high incident neutron energies. At the same time it measures the structure factor, S(Q), over a 

broad range of wave vector Q and this enables the pair correlation function to be evaluated more 

reliably than on conventional diffractometers. The physical constraints on the design of such an 

instrument are fairly severe: any vacuum windows and apertures in the neutron beam must not 

be seen by the small angle detectors, in order to keep backgrounds as low as possible. Only boron 
carbide can be used for the collimator apertures because traditional absorbers such as cadmium 
are transparent over the broad range of energies used by the instrument. And there is a minimum 
requirement to have the resolution AQ/Q in th e range l-4% for most liquids experiments. Three 
modules of 20 zinc sulphide scintillator detectors, out of a possible -complement of 99 modules, 

have been run for a trial period. A further group of 15 modules is currently being installed. The 

instrument fulfllled all its design specifications, with backgrounds at the 1% level compared to 

scattering from a standard vanadium scatterer. A significant effort has gone recently into evalu- 
ating the absolute stability of the detector. Some of the initial results using hydrogen/deuterium 
substitution on molecular liquids are presented. 

1. INTRODUCTION 

After a long design and construction period SANDALS began operation in December 
1989, albeit with only 3% of its full complement of detectors in place. This was 
the culmination of several years of design studies and some tests with a prototype 
detector. In the course of this period the basic specification for the instrument, which 
was extremely stringent as originally proposed [l], was modified slightly so as to ensure 
that the likely count rate at ISIS would be competitive with or exceed the capabilities 
at equivalent facilities worldwide. This would be in addition to the unique features 
of SANDALS as a small angle diffractometer. The result is a compromise between 
the ideal instrument as originally envisaged and the requirements of most users who 
would be unable and unwilling to spend more than a few days at a time running an 
experiment. The initial results indicated that this compromise is not severe and the 
instrument has already demonstrated its potential to map out partial pair correlation 
functions over a range of.state conditions in a relatively short time. As further detectors 
are added it will become increasingly powerful in this regard and in the future there is 
a very real likelihood that the sample preparation and data analysis stages will become 
the rate limiting factors. 
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A key element of the design of SANDALS and of other high count rate pulsed neutron 

diffractometers of its type is the construction of large solid angle banks of detectors. For 
SANDALS the solid angle of the detectors in the scattering angle range 3” to 41” is 40% 
of its theoretical value of 1.5sr because the engineering constraints imposed by other 
factors in the design simply prevent it being made any larger, yet this already presents a 
major project to install and monitor the performance of the -1800 individual detector 

elements involved. The use of ‘He proportional counters was ruled out early on partly 
for reasons of cost, but also because they would not make optimal use of the epithermal 

neutron flux. Instead a major effort has gone into developing a zinc sulphide scintillator 

detector which can be made twice as efficient as ‘He and can also be packed much more 
compactly into the available space. All the indications are that the performance of this 
detector is excellent in terms of quiet count, deadtime, efficiency, and r-sensitivity, but 
as with any new design unexpected difficulties, primarily associated with the detector, 
stability were encountered. This was partly a result of the very stringent requirements 
imposed on a liquids diffractometer of this type. As a result the completion of the 

first bank of detectors has been delayed by about 9 months while a full analysis of 
the stability question has been conducted. It is now believed that the main elements 
of the problem are understood and construction of the next batch of 15 modules is 
proceeding rapidly. 

A review of the background which lead to the present SANDALS instrument was given 
in the previous ICANS proceedings [2]. In this paper the underlying design principles 
are reviewed with the main part of the article concentrating on the early commissioning 

runs. In addition the results of some of the first user experiments are described. 

2. DESIGN CONSIDERATIONS 

ISIS is a 50Hz pulsed neutron source. On a methane moderator the neutron spectrum 
has declined to about l/lOth of its peak intensity in the maxwellian at a wavelength 
of about 5A, which corresponds to a time-of-flight of 1260~s per m. Therefore in 
order to avoid serious frame overlap problems without the use of either a filter or 

a frame overlap chopper (both of which have the effect of reducing the incident flux 
.significantly) the maximum allowable total flight path from source to detector is limited 

by the 20ms window to about 15m. The present SANDALS has been designed around 
this constraint, although there is nothing to prevent the flight-path being increased 
in the future, with the inclusion of a chopper, in order to improve the resolution. It 
is unlikely the final flight paths can be increased very much without a substantially 
increased detector cost. 

The second major constraint was the resolution. Although the structure peaks from 
a liquid or amorphous material are generally quite broad, the resolution is normally 
expressed (and obtained) as a ratio in A&/Q so that the true resolution, A&, gets 
broader at large Q. Therefore if the structure factor persists to large Q, as occurs 
very often in molecular liquids and amorphous solids the instrument resolution can 
become a significant factor in determining the true width and shape of peaks in the 
pair correlation function. Normally the ideal resolution for a liquids diffractometer is 
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in the region of 1-270 , but in SANDALS this has been set, to 2-4% for most &gles 
because to make it much smaller results in a factor of 20 or more reduction in count 
rate. However there is some provision for changing the beam defimng apertures .to 
alter the resolutjon to a lower value if so needed. _ 

The requirement for resolution couples strongly with the collimator design. Since 
energies as high as 1OOeV are to be used for diffraction on SANDALS, the collimator 
can be made only of materials with significant absorption at epithermal energies, like 
boron carbide. Special emphasis was placed on ensuring that a series of beam defining 
rings along the collimator could not be seen directly by the small angle detectors. In 
this way the background from collimator scattering has been held to a minimum. Since 
the resolution function at small angles is dominated by the angular divergence of the 
incident beam, the viewed area of moderator and the sample size are important factors 
when calculating the resolution and these in turn control the rate of decrease in the 
collimator aperture with increasing collimator length. 

SANDALS DETECTOR BANKS 

-mi 
BWI 

Tlul 

. 

Figure 1. Drawing of the SANDALS vacuum tank and detector array: The beam enters at the 
top left and leaves at the bottom right. The detectors are arranged on the surface of a cylinder 
corresponding to a constant resolution trajectory. The odd shaped vacuum tank allows a continuous 
span in scattering angle from 3O to 41: 

l 

Obviously optimising the count rate has been a major item in the.final design, in order 
to be able to exploit.fully the scientific opportunities for looking at the state dependence 
of partial structure factors. Ln addition provision has been made to aglow significant 
amounts of shielding between detector modules and to have a continuous coverage 
of detector angles 
in resolution over 
resolution for the 

from 3O to 41P. The same design also has a continuous variation 
this, angular range. Furthermore the resolution is nearly .constant 
angular range ll” to 41’: this will greatly assist in experiments 
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which attempt to determine the inelasticity correction by comparing diffraction data at 
different scattering angles, and also for experiments where anomalous dispersion near a 
resonance is attempted. There is provision for further detectors at larger angles should 
the demand arise in the future. An outline drawing of the instrument in completed 
state is shown in figure 1. 

3. SANDALS DETECTORS 

As described above the zinc sulphide scintillator detectors form the backbone to the 

design of SANDALS. The detectors are grouped into modules of 20 detectors each, 
and each detector consists of a zinc sulphide scintillator/glass sandwich which views 
the neutrons scattered by the sample. Each detector is viewed by two photomultiplier 
tubes via an air coupled light guide made from silvered milar film. The whole unit, 
consisting of 20 scintillator sandwiches, 20 light guides, and 21 photomultiplier tubes 
is housed in mold made from boron carbide powder and expoxy resin, with provision 
for attachment of the associated wiring at the back of,the module. The modules are 
mounted on the circumference of a cylinder of radius 0.8m about the transmitted beam, 

by means of a large steel and aluminium frame, figure 2. The entire detector array and 

vacuum tank are housed in a blockhouse made from 300mm thick wax tanks. 

The signal cables from each module are fed out through holes in the blockhouse to racks 

of electronics, where the signals are first amplified and discriminated and then fed to 
an encoder units which looks for coincidences between neighbouring phototubes and 
generates an appropriate computer address. The rest of data acquisition electronics and 
computer hardware is identical to that found on the other ISIS neutron spectrometers. 

Evidence that this system of neutron detection is successful is shown in figure 3, where 
the diffraction pattern from sintered magnesium oxide is shown for the initial batch 

of 60 detectors (3 modules). The uniformity from one detector to another is generally 
very good, as is the signal to noise ratio in the Bragg peaks. Note that the Bragg peaks 
all occur at short times of flight because the scattering angle is small and in the range 
11” to 21”. In addition it will be noted that the resolution is almost the same across 
this angular range, even though the value of cot 8, which dominates the resolution at 
small angles (28 is the scattering angle), changes by a factor of 2 in the same region. 

A difficulty which had not been anticipated was the large amount of heat produced 
by the crates of electronics: coupled with an unusually hot summer the temperature 
immediately above the crates often rose above 40°C at times with a diurnal variation 
of up to 15°C. As a result a significant temperature instability was observed. This was 
cured by installing temperature compensation in all the relevent electronic modules.. 
A further step to be executed early in 1991 will be to install air conditioning both 
inside the blockhouse and around the sensitive electronics. Other sources of instability 
possibly associated with mains supply fluctuations have also been investigated. Ob- 
viously since most liquids or amorphous materials experiments rely on comparison of 
sample scattering to a standard scatterer it is imperative that good detector stability 
is achieved. 
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Figure 2. Drawing of part of the mounting for the SANDALS detector modules. The sample vacuum 
tank is shown at the bottom left mounted on a steel frame. This is where the neutron beam enters. 
In the middle are the conical-shaped vacuum and argon-filled flight paths and at the top are the 
scintillator modules 

4. NEUTRON 

(tihaded black) in their support frame 

BACKGROUND 

For all three modules the beam on, no sample background was extremely good, and 
lay at the l-3% level, compared to the scattering from a standard vanadium rod, 
over a very wide energy range (see figure .4). A slight turn up is seen at the lowest 
energies, and this arises from the intrinsic quiet count of -15 counts per minute of 
these high efficiency detectors. It is expected that this quiet count can be reduced 
with an improved discrimination system 

5. COUNT RATE 
“’ 

. . 

The measured C-number (see [2] or the ATLAS Manual [3] for the definition of C- 
number) for the first three modules is shown plotted ia figure 5. The measured numbers 
have been scaled by a factor of 6 to correspond to the situation when installation of 
1/5th of the detectors is completed early in 1991. For comparison the D4 diffractometer 
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Figure 3. Diffraction pattern fkom sintered magnesium oxide showing 60 SANDALS detectors in 
operation simultaneously. The steps in the lines of peaks correspond to the different fright paths for 

each module 
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Figure 4. Background on SANDALS compared to the scattering from vanadium at a scattering 
angle of 12O. Note that even at 1OOeV the back 

achieved on other ISIS diffractometers. 
ground is stih 3% . This is much better than has been 

at ILL has a C-number of 53 n/O.O5A’l/ s cmSV over the wave vector range 0.481-l to / 
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17A-r. The measured numbers appear to be below the expected count rate by about 
a factor of 2, but this is a function of the detector set up. The method of coincidence 
used to determine if a neutron event has occurred is extremely good at discriminating 
against bad events,.but it maybe that the discrimination is too severe’at present. 

50 

40 

30 

20 

~ 

1 

4 

3 

2 

1 
I , I I I r I I 

0.1 0.5 10 
M&W4 TRAN&R : Q (A**-1) 

50 100 

Figure 5. Measured count rate for SANDALS scaled up to the 18 modules which are to be installed 
shortly 

6. RESULTS FOR SILICA AND WATER 

Figure 6 shows the pair correlation function obtained from SANDALS data taken 
on two sheets of silica, each 3mm thick. The Si-0 and O-O distances can be clearly 
identified in this curve, and the width and height of the main peaks is in good agreement 
with that obtained elsewhere [4]. The data were recorded in 6 hours on SANDALS 
and the transform procedure (51 used all the data out to Q=50A-l and included the 
resolution function in the calculation. 

For water this was a standard hydrogen/deuterium substitution experiment in which 
the H-H, O-H and O-O partial structure factors were extracted. The data was recorded 
at the rate of 1 sample per 24hrs. The oscillations in the O-O function (see figure 7) 
appeared to damp out quicker than had been expected from earlier work and this leads 
to a slightly broader main peak in g(r), but otherwise the agreement with the earlier 
reactor work was extremely good, with coordination numbers entirely as expected. 
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Figure 6. Pair correlation function obtained from the SANDALS data on Silica. Note the sharpness 

and height of the first two peaks, even though all the data has been accumulated at scattering angles 

below 20“. 
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Figure 7. Minimum noise [S] fits to the measured partial structure factors for water as measured on 

SANDALS. The crosses show the residual between data and fit. 
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7. THE FIRST, US-ER RESULTS 

1 4 2 ,‘, :; 
To date four user experiments have been completed &I SAlVI&LSI These include a 
study of the structure of water in dimethyl sulphoxide (DMS’C) &$ut$ns, the structure 
of water and the distribution of cations in tetramethylamm~on&m (TMA) chloride 
solutions, the structure of water in ethylene glycol solutions (%&t)-f&&e*) as a function 
of lowering the temperature, and most recently the. structu&$of superheated water 
up to 175°C. An ‘involved the use of the H/D substitution’method to extract partial 
correlation functions. Where there are more than two compone+ present this method 
still extracts three correlation functions, but the partials ark .$hemselves composite 
correlation functions, consisting of a weighted sum of sever+.i $orrelations. For this 
reason the H-H function is the easiest to, interpret. - ‘. +: ..;’ i <? ’ .. 

. . ,$*p:,_;; : 

-I I I I 

0 2 4 6 ;, i0 i2 i4 i6 i8 i0 

r (A) 

Eigure% H-H correlation for two concentrations,of DMSO in watei compared to the same function for 
bulk water. A general broadening and +ft of the peak at 2.4Acan be seen .at the highest concentration. 

,‘. ‘,., .’ _. : .: 

For the DMSO solutions the main result -was’ that this molecule api;arently forms 
stronger hydrogen bonds with water than w&r does to itself: the g(r) functions.remain 
q&e structured at high concentrations but there is a shift in the-peak at 2.48ito larger 
r values as the’-concentration increases, figure 8. This is what would be expected if 
the oxygen on the DMSC formed 2 or 3 hydrogen bonds with the water, leaving fevber 
kater molecules bonded to themselves. This result is in direct contrast to’what tias 
found for TMA, meth*oi [6] or’ethylene glycol, *here the tetrahed&J water structure 
is preserved even at high concentrations. 

.,. 
The ethylene glycol solutions also revealed an iteresting result. At the lowest tem- 
perature, 160K, the solution is expected to become a mixture of a glassy ethylene 
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Figure 9. The H-H correlation function in concentrated ethylene glycol solutions as a function of 
temperature. In the lowest temperature phase (166K) the freesing does not appear to affect the short 
range significantly but does introduce a long range co&elation out to and beyond ZOA 

glycol/water mixture, with excess water appearing in the form of ice. In fact the 
diffraction data indicated that most of the water was frozen, by virtue of the Bragg 
peaks which appeared, but this does not affect the short range proton correlations 
very significantly, figure 9: the long range order appears as an oscillation in the pair 
correlation function to large r. 

8. CONCLUSION 

The initial results on SANDALS described here give an indication of the powerful and 
exciting science that will be possible as the detector banks are completed. It is already 
clear that the instrument is performing up to design characteristics, with a particular 
emphasis at present on ensuring the detector stability is adequate for the likely counting 
statistics. The number of user derived experiments will increase steadily as expertise 
at operating the instrument and performing the data analysis increases, and it is likely 
that the time taken to acquire datasets will become less. Hence it is hoped to realize 
the aim expressed long ago of mapping out the pair correlation function as a function of 
state conditions. This serves as an extremely stringent test of the computer simulation 
models. .It is likely that the full power of small angle diffraction from liquids and 
amorphous materials will only be realised when methods like Reverse Monte Carlo [7] 
can be incorporated into the data analysis. 
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ABSTRACT 

The complete flightpath for the new glass, liquids, and amorphous materials 
diffractometer (GLAD) at IPNS is now in place, and 160 linear-position-sensitive 
detectors have been installed. This paper discusses the final instrument configuration 
and calibration of the instrument. Some of the development of instrument components 
and data analysis software utilizing the GLAD prototype, which operated for - 2 years 
prior to the installatiou of GLAD, are also discussed. 

I. INTRODUCTION 

The new @ass; Liquids, and Amorphous Materials Qiffractometer (GLAD), which was been 
described in detail at an earlier ICANS meeting,l has recently been installed at IPNS. In order to 
develop .various components and techniques for the instrument, a prototype flight path with 55 
linear-position-sensitive detectors (LPSDs) was operated on the GLAD beamline during 198% 
1989. This report summarizes the experience obtained with the prototype flight path for that 
instrument, the current status of the final version of the instrument, and the status of the data 
analysis software. 

II. INSTRUMENTSTATUS 

The main vacuum tank arrived at IPNS in December, 1989. The prototype flight path was 
removed and the final flight path, evacuated scattering chamber, detectors, and shielding were 
installed during Spring, 1990. The first measurements with a sample in the new flight path were 
made in July, 1990. Figure 1 shows what GLAD looks like in relation to the adjacent instruments, 

“Work supported by U.S. Department of Energy, BES, contract No. W-31-109-ENG-38. 
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Figure 1. Schematic of the final layout for GLAD in relation to the adjacent instrume& SCD and QENS. 

QENS and SCD. GLAD has two sample positions, aq upstream position 9.0 m from the moderator 
for the highest resolution measurements and a dbwnstream position lo.5 m from the moderator, 
which provides higher data rates at some sacrifice in resolution. Crossed converging soller 
collimators focused on the forward detector bank provide the final collimation for the thermal and 
epithermal neutrons used by GLAD. With this collimation scheme the sample si?e~does not 
contribute significantly to the resolution,? so samples up to -2.5 x 2.5. cm2 can be used at the ’ 

upstream position. A series of massive apertures upstream from the soller collimators serves to 
define the beam, and is the primary collimation for those higher-energy neutrons for which the 
soller collimators become transparent. The last of these massive apertures can be adjusted to 
control the beam size to minimize the amount of background when smaller sample sizes are used. 
The flight path is evacuated and the detectors are located outside this vacuum, viewing the sample 
positions throygh thin Al windows. 

The evacuated flight path, soller collimators, and detector modules are shown in Fig. 2, which 
also indicates the locations of the detectors near the inner edges of the modules. When the 
upstream sample osition is used this detector locus is apprdximately the focusing locus for the 

3 soller collimators, although some~ compromises have been made at the higher scattering angles in 
order to optimize the total resolution. All of the GLAD detectors are LPSDs, and there are 160 
LPSDs mounted in 4 detector modules in the final version of GLAD at this stage. Each of these 
LPSDs is a cylindrical gas-proportional-counter, 1.11 cm inside dia x 60 cm active volume, filled 
with 10 atm of 3He, and encoded into 64 segments by charge-division encoding. These 160 LPSDs 
completely fill three detector modules at low angles and partially fill a fourth module at the higher 
angles. These modules are indicated in Fig. 2. In order to cover as small scattering angles as 
possible, the LPSDs in the forward detector module extend through the path of the direct beam. A 
small B4C “beam attenuator”, described in detail elsewhere,3 is located in the beam upstream from 
these LPSDs (see Fig. 2) to absorb enough of the direct beam to protect these LPSDs from 
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significant overload. The currently-installed detectors cover scattering angles from -9 ’ to +47 ’ for 
the upstream sample position and from - 17 ’ to +95 ’ for the downstream sample position, with the 
negative sign implying scattering angles measured clockwise from the direct beam when viewed 
from above, as in Fig. 2. Angular coverage is continuous over these ranges except for the small 
gaps between the detector modules and the portions excluded by the beam attenuator at very-small 
scattering angles. The beam attenuator obscures the scattering angles I28 I e 1.7 ’ when the 
upstream sample position is used and I 26 I < 3.4’ when the downstream sample position is used. 

Upstream 
Sample 
Position 

A0 
/ 

\ barn 
Attenuator 

Posltlon 

Figure 2. GLAD evacuated scattering chamber and detector modules. The limiting scattering angles, relative to 
the upstream sample position, are shown for the four detector modules now installed. The remaining six 
planned detector banks are also shown in their correct locations, but with no angle indications. The actual 
detector modules holding the banks of LPSDs are similar to the one shown in Fig. 3. The soller collimators and 
the beam attenuator which protects the LPSDs at small angles from the direct beam are also shown. 

For incident neutrons having a wavelength of 0.1 A, the currently-installed LPSDs will 
produce a maximum Q of 50.5 A-’ and 92.6 A-’ for the upstream and downstream sample 
positions respectively, although the quality of the data over this full Q range remains to be seen. 
Within the next 3-4 years the remainder of the 10 detector modules will be filled, raising the total to 
408 LPSDs and providing angular coverage from -76 ’ to +95 a for the upstream sample position 
and -134’ to +150° for the downstream position. As shown in the figure, the locations of the 
detector modules on the two sides of the flight path are not symmetric, so that when the full 
complement of detectors is installed the scattering angles not covered on one side of the flight path 
will be covered on the other. 

Prior to the installation of GLAD, the IPNS powder diffractometers SEPD and GPPD were 
used for diffraction studies of amorphous materials. The intensity of the incident neutron beam for 
GLAD is approximately twice that at SEPD and four times that at GPPD. Furthermore, GLAD 
detectors will eventually cover.several times the solid angle spanned by those on SEPD or GPPD, 
so the demands on the TOF data acquisition system are much more severe for GLAD than on the 
previous instruments. The new FASTDAS system4 has been developed to respond to these higher 
instantaneous and time-averaged counting rates on GLAD. 
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As part of the correction procedures for-analyzing diffraction data for glasses and liquids it is 
important to measure the sample attenuation ch~aracteristics. Considerable;effortwas expended to 
develop a transmission monitor3 -for-this purpose as well as to improve the accuracy- and response 
of the incident beam monitor.5 

-3 
Results of such transmission measurements are described elsewhere 

in these proceedings. _ 
‘-‘; -. ._ 

., :, ../*‘. 

III.TESTSUSING.THE’PROTOTYPEFLIGHT PATH : : 
.( 

Configuration 

The final tests with the prototype flight path were completed in December 1989; 
Measurements were made on various samples and calibrants, including vanadium, SiOz, 
polyethylene, diamond powder, intercalates and zeolites, iridium and hafnium, germanium, nickel, 
and beryllium. Figure 3 shows schematically the prototype flight path arrangement including the 
variable aperture, beam monitor, soller collimators, sample chamber,.B& beam attenuator; and the 
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Moriitor \ I . . \ Sample Position _ / 
b’ 

Detector Module 

Aperture 
Flight Path Attenuator 

Figure 3. The prototype GLAD flight path in use during 1988-1989. The inset to the figure shows details of the 
detector module along with the relative locations of the beam attenuator and the absorbing bar used in 
calibrating the LPSDs. Each detector module in the final version of GLAD is identical to this except for some 
details of the positioning of the LPSDs within the individual modules. 

single detector module. The path between the sample chamber and the detectors on this prototype 
instrument was not evacuated. Instead it was filled with a low pressure flow of Ar gas to force out 
the air and water vapor which would otherwise be in the scattered neutron flight path and would 
produce a large background due to scattering from the main beam. The sample position was at 7.7 
m from the moderator and the detector module was centered on the direct beam at 10.7 m from the 
moderator. This module was protected from the direct beam by a beam attenuator, and contained a 
complement of 55 LPSDs of the same type as are now in the final instrument. Each of these 

823 



LPSDs had charge sensitive preamplifiers top and bottom, and the positions of the detected 
neutrons were determined by the charge-division method. The detectors were placed for complete 
area coverage in such a way that the active area of each tube was not shadowed by an adjacent 
detector. The position encoding resolution was about 1.4 cm, so the data were binned in 2-segment 
groupings for a total of 1540 individual detection areas of -1 cm x 2 cm. Angular coverage in 
scattering measurements ranged from a lower limit of about 2 O, limited by background near the 
penumbra of the beam of high energy neutrons, to a maximum of -8 ’ at the tops and bottoms of 
the end detectors. The range of time-of-flight (TOF) values used for most measurements was 200 
us to 12,000 ps, which corresponds to a wavelength range from 0.07 A to 4.4 A. 

Calibration. 

The prototype flight path was very useful for developing techniques for both angle and 
wavelength calibration of GLAD. For angle calibration the most useful samples have been 
diamond powder and several different intercalation compounds. Additional angular calibration is 
available from the measured instrument geometry and from the flood-pattern measurements with an 
absorbing bar at various positions.in front of the LPSDs. Figure 4 shows the results for diffraction 
from a powder sample of stage-2 cesium-intercalated graphite. The figure includes data from all of 
the segments as a function of TOF for one of the LPSDs at the end of the detector array. Each trace 

aADc170.fw KUJLE 1. UTECTOR 1 

Figure 4. Bragg peaks from a powder sample of stage-2 cesium-intercalated graphite illustrating the 
“diffraction rings” for the LPSD centered at 6.1 l . The maximum scattering angle is 8.0 l for the end segments 
of this detector. 

in the figure gives the detector response for a single segment of -1 cm length from a single LPSD. 
However since pairs of such segments were grouped together during the histograming process, each 
independent TOF histogram corresponds to a -2 cm length of the LPSD and appears as a double 
trace in the figure. The central segments in this figure correspond to a scattering angle of -6.1’ 
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and fhe end segqeats*comespond to scattering. angles of ~8.0 * f At least four Bragg peaks ,are 
clearly ibseti+ for each segment, and for the end segtm+s these. occzur at 7.54 JS, 1163 ps, 1726 
ps, and 3515 ~rs. The peak at 3515 rs,corresponds to-Bragg scatter&g which occurs at ad-spa&g 
of 9.33 A for this sample, indi+in~ thatthe average scattering angle forthe end segments of this 
LPSD is 7.97’... The angle-TGF correlation of the Bragg peak positions_is’_clearly evident as :. .: 
~@action xings” .ii thedata displayed in this manner. . *_ , : _ : 

GlADO276.RW fixuf 1. CETECTOR 1 ,. : 

‘s 

.:- ‘- 

Figure 5. The use of diamond powder as a sca&rei foli angle calibration purposes. 

Figure 5 illustrates the stiatteiing’measured for diamond’into,one of the end’LPSDs for TOFS 
from 200 1s to 1000 1s. The peak positions yield the angle calibration and the widths the 
resolution. Most of the peak widths indicated in the figure reflect the range of scattering angles 
sampled by these two paired LPSD segments, rather than any intrinsic timing resolution. Note that 
the TOF range is ,about one-sixth of that in Fig. 4 and, the “diffraction rings” are still very clear. We 
obtain a single segment resolution (AQ/Q) at Q = O.S‘A’l olf’about 0.075 at the center of the 
detector and &lo near the top of the detetitor. The’differences here are primarily due to the 
geometrical effects of the reCtangular segment shape. The resolution is nearly twice as broad’at the 
top and bottom of the bentralLPSDs of’the array as compared to the’denter of the end. LPSD 
because of this geometrical effect. 

._ 

On SEPD and GPPD, angular data’are time-focused into eight separate detector groups before 
the data are histogramed and stored into a runfile, so for these instruments final wavelength and 
angle calibration is done for these eight focused detector banks rather than forthe.individaal 
detectors. On GLAD, angular data are not time-focused into groups before the data are stored in a 
run file, although separate detector segments at the same scattering angl_e may be grouped together 
on-the-fly. Thus on GLAD it is necessary to calibrate every segmedt’for wavelength-vs;TOF as 
well as,for angle. We have had to rely on nuclear absorption resonances and Bragg scattering from 
crystalline materials to~deteirnine the wavelength of the incident neutrons as-recorded by TOF in 
the individual segments. P&u& ,6 shows the TOF spectrum obtained ‘iti one of the LPSD segments : 
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when an iridium foil was placed.in the incident beam and an “isotropic”_ scatterer (polyethylene) 
was placed at the sample position. The three lowest energy resonances of iridium are at energies of 
0.656, 1.303, and 5.36 eV (wavelengths of 0.353,0.251, and 0.124 A respectively), and these are 
clearly observed in the figure as depressions at approximately 960,680;and 330 ps respect@ely. 
Measurements have also been made using-hafnium foils, oriented nickel and germanium single 
crystals, and nickel and beryllium polycrystals- as incident beam filters to provide a range of 
wavelength calibrations up to 4 A. 

Figure 6. The use of iridium as an absorber for wavelength calibration purposes. 

Scattering Data 

Results measured on this prototype flight path for the S(Q) for a 0.37 cm plate and a 0.9 cm 
rod of Si02 are shown in Fig. 7, where they are compared with similar data from SEPD. Data 
reductions for the GLAD temporary flight path data utilized the GLAD analysis software discussed 
below. The measurements with the protot 
0.1 A-‘, while the upper limit of Q is 4.2 A- Yp 

e GLAD flight path extend the Q-range down to near 
for 0.2 A incident neutrons. Measurements were also 

made with’the Si02 rod in the vanadium foil (“Howe”) furnace and in an 8 kbar aluminum pressure 
cell as a test of the data analysis programs. Measurements on a smaller Si02 rod (0.4 cm) were 
also performed. Although they were limited by the scattering from the argon gas, these results 
indicated that the sensitivity of the small-angle detector array was good. 

IV. ANCILLARY EQUIPMENT 

Provision has been made on the final GLAD instrument for rapid evacuation of the total 
scattering chamber. Apparatus has been designed and assembled to provide automated control of 
sample environments. A lo-position, room-temperature sample changer has been constructed and 

826 



tested, and a 5-position, low-temperature (10 K to 300 K) samp’e changer is in the final stages of 
assembly and- calibration. High pressure capability, is provided by a hydra@ system fitted with an 
8 kbar aluminum cell or with an 8- kbar Rene-4.1 -cell intended for work at elevated temperatures. 
The pressure system has been tested and is being calibrated. As mentioned above, a high- 
temperature (300 K to 1300 K) vanadium foil furnace has been tested in the prototype flight path: 
Preliminary-indications are that experimental data obtained using this furnace are.contaminated by 
secondary scattering from the furnace mounts, so this problem is under study. .’ 

. 

0 , , . , ,,... :“,‘““‘-, , ~ . , 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 

o (A-y 

Figure 7. Comparison of SiOz scatking results measured on SEPD and on GLAD. 

V. ANALYSIS SOFTWARE 

A large effort has been devoted to the, development of efficient and structured computer 
programs for the analysis of scattering from amorphous and liquid materials at IPNS. The 
programs have been developed on the VAX series of computers using V-AX FORTRAN (Digital 
Equipment Corporation, Maynard, MA, USA), commercial.NAG-library routines (Numerical 
Algorithms Group Ltd, Oxford, UK), and other library routines developed locally at Argonne. 
Plotting routines utilize either CA-DISSPLA Version 11.0 (Computer Associates International, 
Inc., Garden City, Ny, USA) or the IPNS GPLOT GKS-based graphics routines.6 

An experiment on GLAD is started by first setting up a run file w,hich contains information 
about how LPSD segments are grouped together and how the,TOF histograms &e organized. There 
are virtually no restrictions on how this may be achieved; for example, detector segments may be 
grouped into Debye-Scherrer cones (preferable for isotropic scattering) and the time fields may be 
chosen with a channel width which is proportional to the TOF. In addition the run file contains 
calibration information concerning scattering angles, distances, etc. which are needed in the 
subsequent data analysis. The run files are large. (up, to -12 Mbyte = 24,000 blocks on_ the VAX), 
and eventhough the packing density of data on mass storage devices is increasing steadily, the 
amount of .data generated by GLAD &ill. be enormous by any standard. A typical experiment will 
encompass several run. files generated in a short period of time, which will be the case, in particular, 
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when one of the automatic sample changers is used. ‘Hence, efficient programs must be available 
for analyzing the data and compressing it to.more manageable sizes. The raw run files will be 
archived on secondary mass storage devices (currently S-mm tapes holding about 2 Gbytes each) 
after the first-step analysis. 

. 

The analysis may,be divided into-several distinct tasks. The first step is carried out by the 
INTENSITY program. This program reads the “raw” data from the binary run files and examines 
the detector grouping and the TOF histograming at the time of data collection. The program then 
regroups the data as the user chooses (e.g. redundant information may be grouped together after 
checking for spurious behavior) and normalizes the scattering to the incident beam spectrum and 
subtracts background scattering. The conversion from TOF to wavelength is also made in this 
program. The converted data are stored in a ftie as a function of scattering angle and wavelength. 

The next step is to calculate the correction coefficients which are applied to the data 
subsequently by the STRUCTURE FACTOR program. The CORRECTIONS program calculates 
the absorption corrections for the reference scatterer (typically vanadium), the sample, and the 
container by the method of Paalman and Pings,’ and calculates the multiple scattering by the 
method of Blech and Averbach. At present, the corrections assume either a cylindrical sample 
geometry or a flat plate sample geometry. However, corrections for other geometries are under 
development, some of them based on routines developed at ISIS’ in the UK. Experiments utilizing 
special environments place high demands on reliable correction routines, and much future work 
will be devoted to this subject. 

The STRUCTURE FACTOR program applies the c;Omctions to the data and normalizes to the 
reference run. The inelasticity (Placzek) corrections are also calculated and applied in this 
program. Each detector group is still treated separately, and the output contains the structure factor 
for every group (each at a slightly different angle) as a function of the scattering vector Q which has 
been calculated from the wavelength and the scattering angle. 

The TRANSFORM program typically combines the data (flux or counting-statistics 
weighting) from the different detector groups into a “single” structure factor S(Q) which will cover 
a range from approximately 0.1 - 40 A-’ or higher when the full complement of detectors at high 
angles is installed in GLAD. Then, the structure factor is transformed into real-space via the Fast 
Fourier Transform technique. Various real-space correlation functions may be calculated which 
then can be analyzed in terms of bond-lengths, coordination numbers, vibrational amplitudes, etc. 
A program for fitting overlapping peaks, which accounts for the broadening introduced by the finite 
upper integration limit, also is available. 
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ABSTRACT 

Accurate corrections for many types of measurements made on time-of-flight 
neutron diffractometers require data on the macroscopic transmission cross-section of 
the sample used, and this data must span the entire wavelength range covered by the 
instrument. This report describes a transmission monitor consisting of a semi-opaque 
beamstop in front of a portion of the array of position-sensitive detectors used for 
diffraction measurements on the GLAD prototype. The semi-opaque beamstop was 
made of a molded B4C-epoxy plate pierced by several small-diameter holes which 
transmitted a small fraction of the beam, and the segments of the position-sensitive- 
detectors directly behind these holes served as several independent beam monitors. 
This arrangement was used on the GLAD prototype flightpath to measure the 
transmissions of a number of samples, and results of these tests are reported and 
discussed. Based on these results, a similar transmission monitor has been 
incorporated in the final GLAD instrument. 

I. INTRODUCTION 

Accurate corrections for measurements made on neutron diffractometers require data on the 
transmission cross-section of the samples used. This is necessary because tabulated values of the 
total cross-sections do not reflect either the sample structure or inelastic scattering, which are 
unknown until each sample has been completely characterized. This report describes a 
transmission monitor consisting of a B4C plate with small diameter holes placed in front of the 3He 
linear-position-sensitive detectors (LPSDs) on the prototype flight path for the Glass, Liquid, and 
Amorphous Materials Diffractometer (GLAD) instrument at IPNS. 

*Work supported by U.S. Department of Energy, BES, contract No. W-31-109-ENG-38. 
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Transmission cross-section measurements are described by Windsor1 for flat plate samples 
whose extent is larger than the area of the neutron beam. Thi process itivolves the determination of 
the neutron intensity; that is, background corrected counts in‘ a detector divided by the counts in an 
incident monitor couriter, for a s&ple in the beam and foi the sample out. The.attenu’ation of 
neutrons by materials h t+ beam is given by’ 

4 N Ui& _I 

I(X) - IO(X) e i 
i- 

(1) 

where the index i represents the various attenuators’in the path, such as aluminum windows, gases 
in the flight path, as well as the sample itself. The symbol I(X) represents the number of counts per 
unit wavelength, corrected for background, in the downstream detector, normalized for the number 
of incident neutrons per unit wavelength. Thus when the normalized intensity for the sample in is 
divided by the normalized intensity for the sample out, we have: 

(2) 

where N, and t, are the number density and thickness of the sample and UT(X) is the total 
wavelength-dependent cross-section, scattering plus absorption, of the sample. Then 

UT(X) = &- lnII (Xl out/I (A) inl 
s s 

(3) 

where we have neglected any gas displaced by the sample. In the ideal case ’ the result does not 

depend on detector efficiency, geometry, or the incident flux distribution. When the sample is not 
flat or does not cover the entire beam and/or the beam profile is not uniform, the expansion 
becomes: 

S, f(x,y) dx dy + 2, f(x,y) e 
-uT (Xl ts (x, Y) Ns 

1 (Xl 
dx dy 

sample in 1 = 
I, f~x,y~ dx dy 

(4) 
I(h) sample out 

T 

where AT is the total cross-sectional area of the beam, Al the area not obstructed by the sample, A, 
the area subtended by thesample, and f(x,y) is the incident neutron beam profile. The length of 
path through the sample may vary across the sample, depending on the sample geometry. To carry 
this further, it is necessary to make specific assumptions about the beam profile function f(x,y) and 
the sample shape t,(x,y). 

IL EXPERIMENTAL ARRANGEMENT 

The GLAD instrument recently installed at IPNS is described in a separate report in these 
proceedingsP The prototype flight path used for development of this instrument during 1988-1989, 
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is also described in that report. This prototype flight path, which was used for the transmission 
measurements described here, is shown in Fig. 1, The neutrons from the liquid methane moderator 
were scattered from a sample at 7.7 m from the moderator, and were detected by a detector bank 
consisting of 55 closely-packed gas-proportional counter LPSDs. Each of these cylindrical LPSDs 
had a 1.11 cm inside dia x 60 cm active volume, encoded mto 64 segments per LPSD. The position 
identification was accurate to about 1.4 cm, so the data were binned in 2 cm groupings. This 
detector bank was centered on the direct beam at a position 3.0 m downstream from the sample, and 
was protected from the full effects of the direct beam by a “beam attenuator” placed just upstream 
from the detector bank (Fig. 1). This report describes the measurements made with the LPSD 
segments behind the beam attenuator in the path of the direct beam. 

Biological 
Shield 

x 

Beam 
Monitor 

l *** \ Saprile Pnnit inn 

Detector Module 

-/ Collimators / 
Vtii’ __ ria ble 

Aperture Ar- Fiiled 
Flight Path 

Beam 
Attenuator d-=-i 

Figure 1. Layout of the prototype GLAD flight path. 

There are thermal, epithermai, and higher energy neutrons leaving the moderator “promptly” 
after the 450 MeV protons strike the target. There are also delayed thermal, epitbermal, and higher 
energy neutrons coming from the moderator with a similar energy spectrum but with essentially no 
time correlation to the incident proton pulse. This delayed neutron intensity is nearly constant over 
the full TOF frame.3>4 Since the soller collimator blades were more-or-less transparent to high- 
energy neutrons, the penumbra of the high-energy neutrons was primarily determined by the 
massive apertures upstream from the soller collimators, and was measured to be -14 cm x 14 cm. 
The beam divergence permitted by the converging soher collimators determined the much smaller 
penumbra of the thermal and epithermal neutrons, which was about 4 cm x 4 cm. 

The beam attenuator was a slab of natural B4C, 17 x 17 cm2 x 1.3 cm thick, with five 0.15 cm 
diameter holes parallel to the incident neutron beam. The block was made by casting a mixture of 
B4C granules and epoxy in a.form containing five small rods perpendicular to the face. These 
holes transmitted enough of the lower-energy neutrons to allow them to be differentiated from the 
delayed, high-energy neutrons, while keeping the overall count rate sufficiently low to avoid 
saturating the detection system. This attenuator and its relation to the detector array is shown in 
Fig. 2. The width and height of the attenuator were chosen to fully cover the penumbra of the high- 
energy neutrons. The 1.3 cm thickness of the attenuator block was chosen to provide enough 
attenuation of the medium energies to permit the thermal and epithermal neutrons transmitted 
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through a pinhole to be discriminated from those transmitted through the absorbingmatqjal. (A 
1.3 cm thickness of the B&-epoxy mix has a transmission of about 5% for neutrons of wavelength 
0.1 A.). The,fast,delayed neutrons. in the incidentbeam passed$hrough the B& beam attenuator 
with little or no attenuation, but the detectors had low efficiency for detect&g these neutrons. 

,’ 

_ 

.: 

: ,, 
-Linear PSDs 

., 

Figure 2. Beam attenuator in front of the detector array. 

Figure 3. Sum over the time spectra from 200-15000 JG for each segment itr the entire 55-LPSD array, witba 
p.oIyethylene scattering sample. The depressed region in the center is the shadow of the beam attenuator, and 
the 5 peaks are due to the neutrons transmitted through the. pinholes in this beam attenuator, which~&ere.in 
front of 5 of the LPSDs. 

./ 
‘. . : ,., ’ I 
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IlLRESULTS 

Figure 3 shows the sum of counts in each segment of the LPSD array for a 0.31 cm thick 
polyethylene plate sample, with the holes in the beam-attenuator located approximately 0.5 cm 
below the center line of the LPSD array. All segments of all 55 LPSDs are shown; the vertical 
scale represents the sums of all counts over the TOF range 200 1s to 15,000 ps. Since the total 
number of neutrons scattered by the sample into each segment is nearly independent of position, 
this view shows the shadow of the B4C beam attenuator as a depressed region at the center of the 
display. The peaks within this depressed region are due to the neutrons transmitted through the 
pinholes in the beam attenuator. The LPSDs behind the pinholes have large numbers of counts in 
the segments near the holes, although the widths of these peaks is much greater than would have 
been predicted on the basis of the measured detector resolution of 1.4 cm fwhm. 

Figure 4. Details of the peak for detector 27 from Fig. 3. The peak is centered behind the pinhole in the beam 
attenuator in front of this LPSD. Adjacent segments have the same values because of the way the data were 
grouped. 

Figure 4 shows one of these peaks in greater detail. Pairs of adjacent segments were grouped 
together in the histograming so that separate TOF histograms were collected for each 2-cm-long 
grouping, and the figure shows the sums over the TOF range of 200 ps to 15,000 ps for each of 
these groups (as in Fig. 3). Because there were two segments per group and Fig. 4 displays a point 
for each segment, adjacent points correspond to the same group and thus have the same total 
number of counts. It can be seen that 6 of the 2-cm-long groups have counts significantly above the 
surroundings. Examination of the time dependence for each segment of the LPSDs shows that the 
spread in the position determination is much greater for TOFs near 200 ps than for those longer 
than 1500 ps. The measured position resolution of 1.4 cm is valid even for the segments behind the 
pinholes for the longer TOFs, but for these segments for TOFs less than about 600 ps, the high 
instantaneous intensities lead to pulse-pileup which produces errors in the position encoding, and 
this is what has led to the broad peaks seen in Figs. 3 and 4. This extreme broadening is not 



observed in the segments at the top and bottom of the same LPSDs at,the same TOF values, since 
these segments are not exposed to such high data rates. It appears that the.pileup effects, have not 
been large enough to cause data to be lost, so the correct spectrum transmitted through the pinhole 
can be recovered by summing over all the adjacent groups for which there are significant numbers 
of counts (6-10 groups, centered behind the pinhole). 

Figure 5. TOF sppctra from segments 33-34 of ihe same LPSD as in Fig. 4. Sol;! lin_e iS for a polyethylene 
sample, dashed line is for nb sample. , I.’ 

Figure, 5 gives the time dependence of the counts for the 2-segment group behind t+e pinhole, 
which is the one ,with the most counts in Pig..4 ;Data collected with a polyethylene sample, (same 
data as for Figs. 3 and 4) and with no sample are shown. Incident beam mouitor data were used to 
normalize both spectra to the same total number of neutrons incident on the sample position. Since 
this was a rather thick sample of polyethylene, its transmission was only -30% as can be seen from 
the figure. The figure also shows significant distortion of the spectral,shape below TOP values of 
-1500 us for both curves, This is due to the misencoding discussed above. Thus such a “smgle- 
group” measurement would not be expected to yield’accurate sample transmissions_ at TOP values 
below -.1500 IS. , , 

‘. 
; : 

As noted above, a more accurate “trans.mission monitor” can, be “constructed” by summing the 
10 middle segments of detector 27 (or of any of the other LPSDs. behind the pinholes in the beam 
attenuator). Figure 6 shows a comparison of spectra measured by the incident beam monitor as 
shown in Fig. 1 and the “transmission monitor’! which is constructed by summing the’10 middle 
segments of detector 29 in.a different data run. These measurements were made with n6 sar/np!e in 
the sample position, and were corrected for the efficiencies of the upstream monitor and the LPSD 
involved., The agreement is very good for wavelengths ionger than 1 A, except.at the longest 
wavelengths shown, where background subtraction is a problem for the transt&ssion-monitor data. 
The.disagreement below 1 A is, pa$alJy .due to some penetration of epitheqnal neutrons through the 
1.3 cm thickness,of B4C. and epoxy, but may also be due in part to some additional pulse-pileup 
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effects which result in more extreme position misencoding or in actual detector dead-time. Some of 
the differences may also be real spectral differences due to the fact that the two monitors were 
located -4 m apart along the line of the beam, with the soller collimators, several Al window.s, and 
-3 m of Argas between them. 

Y 

Wavelength &ngstroms) 

Figure 6. Comparison of the response of the incident beam monitor (solid line) and the transmission beam 
monitor (dashed line) described in the text. Both have been corrected for their wavelength-dependent detector 
efficiencies and have been arbitrarily scaled to match near the Maxwellian peak. 

In order to correct for the background it is necessary to subtract a term from the intensity for 
both the sample and the empty sample holder measurements. The long-TOF data from the LPSD 
segment behind the pinhole were used to determine the .delayed-neutron background. The 
proportion of fast delayed neutrons relative to the thermal and epithermal neutrons of interest 
changes rapidly with position across the detector bank, since the spatial profile of the former is 
determined by the upstream beam apertures while that of the latter is determined by the soller 
collimators. Hence adjacent LPSDs or adjacent segments of the same LPSD which were not behind 
pinholes could not be used to determine this background. Uncertainty in this background 
correction currently limits the usefulness of this transmission monitor to wavelengths below -5 A. 

Figures 7,8, and 9 ihow results for transmission cross-section: UT measured as a functions of 
wavelength. Since there were 5 pinholes in the beam attenuator, 5 independent transmission 
measurements were made concurrently in different LPSDs. Data from 3-5 of these independent 
measurements are shown in the figures. The solid lines are values from Sears5 in the case of 
vanadium and Si02, and the values for polyethylene, CH2, were constructed from H20 data6 
modified using data from Sears’. Errors on the experimental points, calculated using the method of 
reference 1, are on the order of 2% or less for the vanadium and polyethylene data and somewhat 
greater for the Si02 data. The present measurements yield numbers in reasonable agreement with 
the cross-sections estimated in this manner. At the long-wavelength end of the measurements a 
leveling of the measured vanadium cross-section is observed; this is the region of low statistics 

636 



beyond 2.0 A where the background subtraction has the largest effect. -For the short-wavelength 
end the measured cross-section again falIs below the tabulated vAlues; th@ is due to the penetration 
of neutrons through the B& beam i@quatc& and possibly also to pulse-p&tip effects. 

. 

Fiiure 7. UT for vanadium. The solid circles represent independent concurrent measurements fi;om three Of the 
different LpSDs behind pinholes in the beam attenuator, wbiJe the line represents the estimated value. 

Figure 8. QT for SiOp’ The solid circles represelit independent concurrent measurements from aff f&e different 
LPSDs behind the pinholes in the beam attenuator, while the line represents the estimated vafue. a 

837 



Figure 9. UT for polyethylene. The solid circles represent independent concurrent measurements from three of 
the different LPSDs behind pinholes in the beam attenuator, while the !me re$r.sents the estimated value. 

IV. CONCLUSION 

It is seen that reasonable results are obtained from transmission measurements made in the 
GLAD prototype. Problems still remaining include: (1) Accurate determination of the high- 
energy neutron background was not possible. (2) The prototype scattering flight path was filled 
with argon gas with an unknown, and not well controlled mixture of air and’water vapor. (3) The 
count rate was high, especially at short times due to the initial burst of high energy neutrons, 
leading to pulse-pileup and dead-time effects. (4) The size and shape of the pinholes and the 
thickness of the B4C beam attenuator have not yet been optimized. Nevertheless, the method 
works sufficiently ‘well that a similar ~‘tfansmission monitor” scheme will be used in the newly- 
installed final version of GLAD, and development will continue in an effort to reduce the effects of 
these remaining problems. 
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Q(A.D.Taylor): Are the GLAD detectors in the spectrometer vacuum,,or behind a thin window. .: I 
A(R.K.Crawford): Detectors are outside vacuum. 
Q(R.Pynn): What size pin holes do you use ? Could y& use this semi-opaque beam stop for TOF SANS 

measurements? 
A(R.K.Crawford): Pinholes are -0.7 mm dia. In principle this technique can be used for SANS, but in practice 

detector resolution is usually not good enough to present some cross-tak with the scatteririg. 
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ABSTRACT 
The combination of intense neutron pulses from the LANSCE or ISIS sources with modem detectors 
of neutron currents, has allowed work to begin on exciting new experiments using single neutron 
pulses. To illustrate this field we shall describe three applications which make use of the transmission 
of neutrons through a sample as a function of their energy. The three examples are (i) the 
measurement of the temperature along the body of a projectile after launching, (ii) a strobo-scopic 
study of the warming cycle of a jet engine at full power and (iii) the study of phase transitions under 
extreme conditions. To prepare for experiments of this kind a 40 m special flight path is being built 
at LANSCE, and preliminary experiments to demonstrate the method have been made with an 
existing 10 m path. 

I. INTRODUCTION AND DESCRIPTION OF THE METHOD 
The advent of pulsed neutron sources driven by high powered accelerators, has opened up the 

possibility of doing both transient and stroboscopic measurements with neutrons (e.g. Egelstaff’). These 
experiments would require good data to be taken with a single neutron pulse, either because one pulse 
represents the whole experiment or because we wish to compare the data taken with the first pulse to that 
taken with each subsequent pulse. 

Over the past year sources such as LANSCE or ISIS have provided proton pulses of about 3 /.Z each, 
which is on the lower limit of usefulness. In 1991 it is expected that LANSCE will deliver 5 DC pulses at 20 
Hz, and for single shots may deliver a 10 /K pulse. Thus it is worthwhile preparing some test experiments 
which will help define the fields in which single pulse experiments could be useful and which would clarify 
the experimental methods. 

Figure 1 shows a sketch of the apparatus that would be used. Sufficient neutrons must be absorbed 
by the Li-glass scintillators during the transit of the pulse, that smooth current variations occur in the photo- 
multiplier circuits which may be digitized and recorded. At present flux levels this requirement restricts the 
measurement technique to the transmission method. A burst of fast neutrons would be moderated in a light 
water slab, and a beam of resonance and thermal neutrons would be collimated on to the chosen sample. 
On passing through the sample the neutron beam intensity is changed by the events in progress there, and 
this information is carried to the end of the flight path where it is recorded by the Li-glass photomultiplier 
system. One advantage of this method is that, due to the flight times of the neutrons, the information 
impressed on the neutron beam in time At is expanded to (LJLJAt at the detector, (where L, and L_ are 
the distances from the moderator to the sample and to the detector respectively). 

The transmission (T) of a sample is defined as the ratio of the intensity of the beam with the sample 
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Pr+ent to that ,in the absence of a sample, In the resonance .rqion dip in @e qnve of T vs neutron energy, 
can occur due to.neutron..absorption ~nances., A.posible energy range,for @se egects is I to 100 eV, 
but the .ek+t. range &&fuln& will vary from ,case t6 case. $or &am&‘,in ,thk case of ‘& there are p 
resonan& ~~MXXI 60 and,20 eV, which may be us& .to measure the teqexature of a iia@Ie as a func& 
of time. The $$h of the resonance &IS @vo wmpone+, first bdear absorption &$ scattering and 
secondly Doppler broadening due to the nuclear vel6citi&. 
given by the .forn+: 

we ‘are hterested -in the. latter -$fect which is 
, .\ ., 
.; I 

q) =.Pq-Qn : ; * : . ,..: ,: 

,, 
where ER is the resonance energy, .T tlie sample .temperature and .A the atomic w&g&of the‘nucleus. .‘Et’can 
be se&n that I’D is large for high values, pf J&_ and/& .temperature and in many cases wilj be the dbniinant 
qmponent. For example at 40 eV in Ta at room temperature the yalue.‘of’rr, is O.iS ev compared to a 
nuclear width of only 0.05 eV. In ,such cases ihe~i&onance width technique $11 provide a temperature 
meastrement ,d&p itiide a .sampie in a time of about, 1 &. i _ 

.The thermal neutrons in the pulse haye longer wave&g& (Xj and are sensit&to B&glreflec;ioy 
from the sample. They are found when the Bragg condit’ion is satisfied:- ), j : 

where d is the interplana; spacing; n the order -of reflection..a~d 8,. thi Bragg angle. A strong Bragg 
reflection wiil remove neutrons from ,tie beam and hence Feduce the tfansmi+si?n: an effect .wl&h increases 
as 8, (or X) increases, Beba,use the n&nu& value of 8, is-n,. this kffect sw$hes off as X .increaSes.past, the 
point where 8, = ‘II for any’choice of d. ‘l%e &es in ,T,at,.t$ese’pojnis provide ipforn+ion on the positions 
and widths of the Bragg reflections, and hence a range df structural information. For simpie‘structures (e.g. 
fee) there would be a range.of,suitable ?ragg r@@ons, and each-re&c@c YQuld., be cpvercd in -about .50 
pee with separations between reflections of 0.5 ‘to, 3 ms. 1, 

Bj, using both of these techniques a range of experiments are possible, and so&e &+d’exa~ples 
till tie described h&e. StroboscQpjc mehurenients are’possiblire on se6eral time SC&%, succ@@ve resoriances 
occur’on a 5 F&J scale, while sumive Bragg reflections o&cur on 6 $00 pet. sca!e. In contrast a’t 50 Hz 
or 20 Hz, suc&&e‘pulses would occtir,gt 20 oi 50 ti ,resp&tively., If a sample. is moving,. one Could build 
neutron ‘gbsorbeti. into its &rudture at specific poip&s td act”as .mz@tirs? and so define 69th its position 
relative t6 the beam a&d, its bulk’velo$y. In favourable cases the bulk velocitj, migtit.,be $zterm,i_qed by. the 
resona’iice melhod, since tliere is an.additi@al bulk shift in the resonance, energy due to the-.compopent ,of 
velbcity along the n&trori barn. ‘A similar shift would occur ,in Bragg peak positions but .maybe h&W to .’ . - 
observe. 

This’ there are’ a large ntifnber -bf.‘simple-observations that ‘may be ma& in .this field,’ and ‘goth .the 
experiments and the, observational methods need to .bc ch.oien with care in. order to exploit the. technique 

properly- .. ,;;, .‘, :. ‘._ 
. . 

II. ‘,MEASURti&EtiT OF THE TEMP$GTJJRE’ ALONG’ THE’ AXIS’ Oti A.,PiXVJLiCTILE AS A 
FUNCTION OF TIME AlWtiR, WG 

: 
) 

A simple’ sketch of the geometry which eight b; used .in this case. is &oti in figure 2. A special 
projectile 6 env@aged.tihiCh might be j0 cm long and 15~ x 5 cm cross $ection;‘with a,&2 mm thick Ta strip 
dividing; thi: i crp sectitip.down. ik centre (this,projectile wouid be strip’ shaped atid its rotation tiould’be 
prevented, for simplicity, ifi this demonstration). If tlie projectile crossed the beam at an average ‘velocity 
of 1 cm&sec the data of interest would be impressed on the beam in -30 pet. However if the sample weie 
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4 metra from the moderator and the total neutron flight path was 40 metros, the data would be spiead out 
to 300 w at the detecting station. Each resonance in Ta would need about 1 eV of energy to &i&the 

trammis&n dip, and at 40 eV this would be covered in 0.7 @c at the sample and 7 w at: the detector. 
We note also that iri this experiment, and in similar .ones, the neutron itself is the detector at the site of 
explosion/projedtile/etc-and is unharmed, while the fragile detectjon apparatus for the neutron is -30 m away 
and is also unharmed. 

In order to determine the exact time of the passage of the projectile across the beam and its exact 
velocity (if normal to the beam), the projectile would be equipped with ‘% markers which would produce 
additional characteristic dips in the neutron transmission cuwe. For example if the ‘?3 rings are 0.5 cm wide 
and deep, a nearly triangular transmission dip of 95% would be seen at 40 eV having a width of -0.7 eV. 
By tipping the projectile to an angle of 13’ away from the riormal, a 2 eV transmission dip shift would occur 
and the two methods of measuring projectile velocity could be compared. 

Several measurements might be made with the starting length, !, being varied. In this case a picture 
of the temperature profile in space and time can be built up. It is hoped that the conditions of any 
experiment of this type could be controlled so that the temperature profile could be calculated theoretically 
and compared to the experimental results. If successful a program of this kind would establish the base for 
more ambitious experiments. 

Projectiles are used also for experiments with shock waves. In this case the time scale for the initial 
shock is too short for these techniques, but temperature measurements after the shock may be useful. There 
are two time scales, first there is a shock die-away time of -10 pet, and temperature measurements 
synchronized to follow the shock by 1 pet steps would be useful. Secondly there is a residual effects 
recovery period of about l.msec, and temperature measurements at 10 pet intervals to 100 pet, followed 
by intervals of 100 pet to 1 msec could be informative. Such data appear to be difficult to obtain by other 
methods, but relatively straightforward by this method. 

III. STROBOSCOPIC MEASUREMENTS ON A ROTOR UNDER STRESS 
Another example of a stroboscopic study with neutron pulses may be provided by experiments on 

rotating systems: in this case a continuous stream of pulses is used unlike the single pulse of the previous 
section. To illustrate this field we shall consider the stresses in a jet engine as it accelerates to full power, 
and hence maximum stres.&, and subsequently as it warms to its maximum temperature while operating at 
full power. Figure 3a is a sketch showing an impeller blade attached to the rotor. The neutron beam should 
be directed in successive experiments at points of high stress in the rotor (e.g. near the root of the blade or 
near the centre of rotation). At first, some demonstration experiments would be done with a simple rotor, 
and if successful with increasingly realistic set-ups. The rotational frequency and neutron pulse frequency 
should be simply related so that a time sequence for a chosen point on the rotor is obtained. Resonance 
widths and positions would be measured to determine temperatures and velocities, while structural data would 
be obtained from widths and shifts of Bragg reflections. 

Figure 3b shows the time structure for a 20 Hz neutron beam. The resonance data (for temperature) 
is obtained first, followed at about 5 ms by the thermal neutron structural information. These data are 
repeated at 50 ms intervals. One might take one second of such data, and repeat it at one minute intervals 
for example. Normally it would be possible to make such measurements for only one point on the rotor at 
one time. Thus the whole program would consist of a number of NIB, starting the rotor from rest, each 
looking at a different site. If the rotor is taken close to its limit, suitable safety precautions would be built 
into the set-up and these would include heavy shielding. Consequently there would be an advantage to the 
transmission method of detection since it requires relatively small entrance and exit windows for the neutron 
beam. 
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Iv. A DEMONSTRATION EXPERIMENT 
In order to demonstrate the practicality of this technique, Priesmeyer et al2 have carried out a 

demonstration experiment. They used a stationary sample of iron 2.5 cm thick and a beam area at the sample 
of 5 cm x 2.5 cm. The charge.& the .pul+ was only 3 PC, and the distances from source to sample or 
detector were 8 m and 11.7 m respectively. With this set-up they obtained the data shown in figure 4 with 
a single pulse. The thermal neutron wavelength region is shown from 1.5 to 5 A, and six Bragg reflections 
are observed clearly in 8 ms at. the’detector. The rising character of the overall intensity follows the 
Maxwellian shape of the thermal neutron distribution. Taking this and the instrumental resolution into 
account, the d-spacing in iron was determined to a precision .of -5 x 1w3 = Ad/d in -100 @ec (e.g. at the 
211 reflection). If the charge in the pulse were increased,to 10 PC or greater it would be possible to 
decrease the sample width from 2.5 to 1 cm, and with more, optimum path lengths to improve the precision 
and with longer paths to improve the time resolution. It is hoped that such improvements will be possible 
with a new set-up under construction at LANSCE. 

V. CONCLUSIONS 
Experiments with a single neutron pulse are theoretically possible’ at LANSCE or ISIS and three 

kinds of experiments were described in this paEr. In addition a. demonstration run at LANSCE in which 
the d-spacing of iron was measured to a precision of 0.5% in 100 Fee was described. This has opened the 
door to some new and exciting fields of research:- With longer flight paths, an improved sample installation 
and pulses of -10 PC many such experiments appear to be possible. A number of other areas, in addition 
to those described above, may be considered. They include - transient methods with pulsed electric or 
magnetic fields, and phase changes in geological minerals (e.g. olivine which has a phase change at -105 atm, 
as a test case) using pulsed pressure fields. 

An initial series of test experiments is required in order to establish these methods and to define their 
current limits. It is hoped that such a program may be commenced with a new long flight path installation 
at LANSCE. . . 
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Figures . . 

1. The layout for single pulse experiments. A IO &proton pulse strikes the neutron production target, 
and fast neutrons are moderated to resonance and thermal energies in the moderator. They are 
collimated onto the sample, and after passing through it the beam diverges to a large detector array 
at about 40 m from the moderator. For initial tests a single detector may be placed at -10 m from 
the moderator. “d _I . . 

2. The geometry fo& projectile experiment. j A special projectile would be made with a 0.2 mm thick 
Ta strip along its axis for temperature measurements arid’!‘‘’ markers for velocity measurements. 
The distance f would be varied for different shots. 

3a. A sketch of a rotor showing blades attached and two possible points at which stress and temperature 
measurements would be desirable. .‘: ‘y 

3b. The time structure of the information obtained in single pulse sequence-experiments on rotors. Each 
arrow marks a setofkither temperature or structural data. 5 
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4. Experimental data obtained with a single 3 1C pulse at LANSCE in the thermal neutron region. The 
sample was a block of iron 25 cm thick, and the d-spacing may be determined from any of the 
indexed steps in the transmitted intensity (assuming the crystal structure is known). The overall shape 
of the intensity vs wavelength curve is due to the Maxwellian shape of the thermal neutron intensity 
distriiution. 

Q(J.M.Carpenter): Does the method really profit from use of analog dete&ors, sacrificing quantum statistical 
accuracy? Would not it do to use a stack of low-efflciency pulse counters? 

A(P.A.Egelstaff): N/A 
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STRACT 
-The ISIS Sin 

f 
le Crystal .Diffractometer’SXD is- a time-of-& ht Laue instrument. The 

utilisation of arge area position-sensitive detectors along wit a 
ISIS beam makes SXD an ideal instrument for reciprocal s 

the pulsed nature of the 

volumes m a single scan. The develo 
ace surveying, measurin large 

with data processing strategies, and i P 
ment~ of detectors or SXD will be describe P dg along 
lustrations given of the scientific programme. 

1: INTRODUCTION ’ 

There is a rich variety of information available from single’crystal diffraction at a pulsed neutron 
source. The ut$sat!on of both the time-of+hght;technique:to sort the white beam and large 
are-a position-sensitive detectors makes !t possible to,,access large volumes of reciprocal space m 
a single measurement. The ISIS Sin 
Wilson, 1990) is’just such a time-of- % 

le Crystal Diffractometer SXD (Figure 1; Forsyth and 
ight Laue..instrument. The main features of SXD are 

evident from this figure and the parameters given in.‘Iable-1. The ability of such an instrument to 
probe reciprocal space volumes is illustrated in Figure 2.’ The.combination of a time-sorted 
wavelength range (providing two Ewald sphere surfaces at. l/&g and l/h,,.,~,,) and the large 
scattering locus subtended by the detector;,allowsthe area shown in Figure 2 to be accessed in a 
single measurement. Of course, the detectoralso has height, and a full 3-dimensional reciprocal 
space volume is accessed on SXD. 

It is,clear from the above that SXD is an ideal instrument for the surveying of reciprocal space. 
This capability has particular relevance in the:study of incommensurate structures, phase/ 
transitions and diffuse scattering. In these fields the&me-of-flight Laue technique is extremely 
powerful. However, the:characteristics of the data collected on such an instrument can also have 
certain advantages in more routine structural work. For examplein the treatment of wavelength 
dependent effects and .in obtaining high’ precision refinements from very high sine/h data. y 

> ! 

efficient detector for single crystal diffraction at a pulsed spallation 

II. DETECTORS 

The requirements for an 
neutron source such as ISIS are rather stringent. 
diffraction produces a very lar 

The technique of ,Laue, .timeLof-flight 

detector at one time. The H 
e ,amount of information accessible in principle to an area 

po ychromatic ‘nature of: the incident beam -allows many Bragg 
reflections ( > 1000 in many cases) to diffract simultaneously into a 300 x.300 .mm2 active area 
during an ISIS pulse. Since SXD is situated close to the moderator (L1 = 8 m) this leads to a high 
flux and large count rate requirements. With much of the ISIS flux being at fairly short 
wavelengths m the epithermal region, it is clear that a PSD in talled on the instrument must have 

k 
ood response to neutrons with wavelengths down to say 0.2 R Finally, some of the effects being 
ooked for in single crystal diffraction, such as satellite reflections, require good resolution in all 

three dimensions, two spatial and one,. time. 

In order to exploit the possibilities of SXB one* therefore: requires a PSD with good pixel 
resolution (at worst 5 mm), fast count rate (dead-time J 1 n.s),linearity of response and stability. 
The original detector developed-for SXD is the Anger camera (Forsyth, Lawrence and Wilson, 
1988; Wilson and Zaleski, 1990). In addition, more recent developments of fibre-optic encoded 
PSDs have led to the provision of prototype modules of this design on SXD with great success. 
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Figure 1 - Plan 
view of SXD. 
Note the 
provision of large 
area PSDs 
subtending a large 
scattering angle at 
the sample. 
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TABLE I- SXD instrument parameters 

Laue time-of-flight diffractometer 
Primary flight path Lr=8m from 316K Hz0 moderator 
Sample-detector distance b= 0.2-1.5m (longest at 90’) 
Wavelength range 0.25-8A 
sin0k range 0.02-2.5A-1 l 

Detectors L 

Position-sensitive detectors’ 

Fibre-optic encoded ZnS module, 80 x 80 mm2, 5mm resolution 
Anger camera I, ZnS scintillatot, > 300 x 3OOmm2,7-8mm resolution 
Anger camera II in testing, ZnS scitnillator, >350 x 3SOmm2, 5mm resolution 
ORDELA 31-Ie gas detector, 250 x 2SOmm, 2-8mm resolution 

Resolution, Ad/d = 10m2- 5.10s3 
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l 4 -_.+__ .._ ..-. +, : 

Figure 2 - Single crystal time-of-flight geometry ‘, ’ 

Anger Camera 
The basic concept of this type of PSD (Anger, 1957) is that a single piece of scintillator is used to 
detect events. The light 
and the analogue P 

reduced from an event is dispersed into an array of PM tubes (Figure 3) 
srgna s of these tubes are used to derive electronically the position of the 

detected neutron. These detector coordinates would 
posmonal mformation required but the addition o P 

reduce a 2D array ‘of data were only 

produces a full 3D data set. 1. I 
time-of-flight information on SXD 

_ 

Figure 3 - General 
design of the neutron 
Anger camera. n PEFLECTOR 

AIR GAP 
SCINTILLATOR 

UGHT DISPERSER. 

\( + 

PM PM 

,. ’ ‘ I’ . . ., ; 
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In the course of early commissioning of the Anger camera tern, it was concluded that the 
available resolution was limited by the amount of light availa le from the optics, and also that Ys 
the high y sensitivi 
Both of these 

1 
P rob 

of the $&doped glass scintillator was causin 
ems can be overcome by the use of % loade B 

considerable noise problems. 

was found:to 
ZnS plastic scintillator, and it 

e straightforward to modify the electronics to encompass the different dynamic 
response of this type of scintillator. The testing of the new AC-ZnS system was very successful. 
The resolution obtained from the prototype system is some 6-7 mm, but at present the count 
rate in the encoding electronics 1s rather slower than expected, a problem which is under 
investigation. With this caveat, however, it ,is the successful commissioning of the AC-ZnS 
system (Wilson and Zaleski, 199O).which has recently enabled the SXD scientific programme to 
begin in earnest. 

The nrototvoe fib&-ontic ZnS PSD 
The problems encountered with the Anger camera, and the re-examination of detector 
parameters in the light of experience on SXD, has prompted the examination of a new type of 
detector which is simpler both in concept and constructron and is also less expensive to build. 
The fibre-optic ZnS PSD installed on SXD is a prototype constructed b the Neutron Detector 
group at ISIS (Davidson, Mott, Rhodes and Johnson, 1989). Basica ly the detector, shown r 
schematically in Figure 4, consists of an array of 5 x 5 mm2 pixel elements arranged on a ceramic 
grid, fibre-optic encoded to a set of phototubes. Physically, these pixel elements comprise 
Inverted pyramids, abutted to form an array. The scmtillator, a single, continuous piece of 
- 0.4 mm thick %-doped ZnS 
pyramids, with a 

a 
roup of optical % 

lastic, is supported some 0.1 mm above the base of these 
bres at each pyramid apex to collect the li ht and transmit this 

to the PMTs. In t e prototype there are 16 x 16 pixels m X and Z, requiring 3 3 
an active area of some 80 x 80 mm2. 

phototubes, giving 
It has been shown that, by judicious choice of discriminator 

levels, this system can be made virtually insensitive to y noise. 

Figure 4 - General 
design of the 
prototype fibre-optic h 
encoded ZnS PSD 

- 1 , Zi-6 scintillatoc 

Ceramic grid of 
pyramidal “pixels” 

Optical fibres 

Photoaultiplier . . . 
Tubes 

I Encoder I-+ Event position 

The commissioning results on this detector were very satisfactory with parameters found as 
illustrated in Table 2. The performance of this 
spite of its small size, it has contributed signi E 

rototype detector has been excellent, and in 
cantly to the early stages of the SXD user 

programme. 

852 



TABLE 2 - ZnS fibre-optic PSD performance 

Active area .. : 
Pixel resolution 
Linearity ’ 
Quiet counts/detector noise 
Detector response 1 
Signal-to-background 
Short wavelength response 

Dead time 2-3 ps 
Stability and reliability 

~O;~Ox~$~ypically subtending 20x20” at the sample) 

Excellent to 0.1 mm 
4 counts/cm2/hour 
Smooth (flat) to < 10% and stable 
> 4OOO:l in (2 2 2) of SrF2 
(0 0 24) of 
Q = 26.4 1 

rF2 observed at d = 0.24 A, sine/X = 2. lAml, 
-l 

Robust, easy to install and operate. 

Gasdetector 
In addition to the in-house detectors described, we have purchased a 2D 3He gas PSD from 
ORDELA Inc. at Oak Ridge to supplement the detector array. This detector is still being 
commissioned, but should 
caused by finite thickness o f 

ive spatial resolution in the range 2-8mm as a result of parallax 
the gas volume. The availability of several detectors improves the 

flexibility of SXD and, in addition, provides PSDs to support the increasing programme of high 
resolution single crystal studies on HRPD. 

III. SXD SOFTWARE: THE DUAL ROLE OF THE INSTRUMENT 

The trouble with large volumes of reciprocal space is that in examining them, one obtains large 
volumes of diffraction information (scattered Intensity measurements). SXD typically operates 
with several thousand detector elements (a sin 
detector elements), which when combined with a P 

le Anger came.ra has 64x64 pixels = 4096 
ew hundred time channels,-essential of course 

within the framework of the, time-of-flight technique, tends to give rather large data histo rams, 
each of which is typical1 B 
efficient exploitation o fy 

accumulated in less than an hour. Hence a ma*or requirement or the 
the technique is the availability of a flexible so fJ 

analysis and display (Forsyth et al, 1986). 
tware package for data 

SXD is designed, as far as possible, in accordance with standard 4-circle geometry, and is 
probably best defined as a “restricted 4-circle” diffractometer. As a consequence, the 
diffraction geometry can be defined by the equation of Busing and Levy (1967), 

hL= fi(~~@UBlz 

where 

hi is the diffraction vector in the laboratory Cartesian system; 
a, x and Q, are the.matrices defining the diffractometer settings; 
U and B are matrices describing the sample; 
h is the reciprocal lattice vector; 

It is clear from this that once the UB matrix for the sample has been determined, the problem is 
well-defined and the data.processing can be made fairly automatic. The SXD software package 
is illustrated in Figure 5, showing the central role of the UB matrix. 

The dual 
The left- g 

urpose of SXD is evident in the portion of this Figure beyond UB matrix refinement. 
and path “Structural Refinement” is routine crystallographic work, involvin the 

extraction of structure factors and subsequent Ieast squares refinement, while the right- a and 
side “Reciprocal Space Surveying” attempts to exploit the special ability of a time-of-flight 
Laue diffractometer such as SXD to sample large reciprocal space volumes. 
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N. ~STBUCTUBAL REFINEMENT _ _. -, .. 

: 
The extraction of structures factor information from an SXD data set-proceeds in two-stages. 
Given the provision of an accurate UB matrix from the earlier stages of the software package, 
integrated intensities are extracted.from the raw data using Wilkinson’s modification of the 
o(I)/I method. (Wilkinson, 1986; Wilkinson et al, 4988). Once -a reliable set of integrated 
intensities has been extracted from the raw data,. these are reduced to structure factors. This 
reduction includes cal.culation of the coefficients for the evaluation and subsequent refinement 
of wavelength and-path length dependent absorption and extinction corrections, using routines 
from the Cambridge Crystallographic Subroutme Library (CCSL; Brown and Matthewman, 
1987). Structure factor refinement is then carried out-within the framework of CCSL using the 
least squares program SFLSQ. 

. . 
Structu e a d drsorder In sc hulten’te -. 

One of ihe &st examples of succes&l “routine” structural refinement carried out on SXD is the 
study of PbHAsQd (Wilson, Cox and Stewart, 1990). Lead hydrogen arsenate, occurring 
naturally as the mmeral schultenite, undergoes a 
313 K, manifest in a lowering of crystal symmetry K 

araelectric-ferroelectric phase transition at 

hydra 
om Pa/c to PC and,a gradual ordering of the 

drsor c! 
en bonded H atom onto one of two disordered ,sites. The separation of these H...H 

ered positions along with the O...O separation in the hydrogen bond have,great bearing 
on the nature of the H potential. A structure determination performed at room temperature on 
SXD using a sample provided by the British Museum clearly revealed the presence of this H 
atom, previously unlocated by X-rays, and its 50:50 occu an 
(Figure 6). The separation of the two hydrogen sites (0.38869) &~%~~d~~~~~~~t 2:; 
that in related materials. The provision of such details in hydrogen bon ed systems is a good 
example of the structural refinement as 
extended to sine/A of > lA_l, relative y high for such materials. This high resolution data f ect of the SXD programme. The data for this study 

allowed the refinement of the small distortion of the heavy atom lattice in the Pc,phase. Further 
examination of these effects is in progress. 

Figure 6 - High symmetry structure 
of PbHAs04, showing hydrogen atom 
disorder. 
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. . . . 
anhw thermal vlbrabons montmm fiuonde 

tions in SrF2 (Forsyth, Wilson and Sabine, 1989)_provided 
a rigorous test of the precision available from SXD. The data, from a heavily extinguished 
sample, provided a good example of the application of variable wavelength extinction 
corrections in CCSL. The extinction corrected data yielded an R-factor of 4.4% on those 
reflections e ected to exhibit the effects of anharmomc vibrations of the fluorine atoms.’ The 
application o 7p a third order anharmonic term, l3~, in the 
R-factor to 2.2%, and a value of & = -4.19(30) lo-l9 J 1 

grine potential led to a reduction in 
. t 

with, but more precise than, the earlier PF = -3.95(46) lo-l9 J 8: 
is value was in good agreement 
-3 of Coop r and Rouse (1971). 

The improved pre ision is a consequence of the high sine/X value of 1.7 
(compared to 0.9 1-l in the earlier study). 

w -l reached on SXD 

v. RECIPROCAL SPACE SURVEYING 

The other aspect of SXD, indicated on the right hand side of Figure 5, is to fully exploit the 
reci 

g 
rocal space volumes accessed by the instrument in a single measurement. The ability to 

pro e routinely those regions of reciprocal space between Bragg peaks lends the time-of-flight 
Laue technique great power in the study of mcommensurate structures, phase transitions and 
diffuse scattering. Examples of the use of SXD in these cases are discussed below. 

The simplicity of reciprocal space surveying on SXD again arises from the straightforward 
application of equation (1). In this case, one chooses a Q region (i.e. a set of indices 
hmin < h < h,,, kmin < k < kmax, 1 . mm <I < l,,) within which one wishes to probe, with application 
of the equation as written giving the necessary detector coordinates to -allow the data to be 
accessed. In the SXD package this is accomplished within the RLPLOT routines. Of course a 
mapping. of reciprocal space points .onto detectors coordinates will never be exact and 
interpolation is adopted within the extraction 

P 
rogram. Increased flexibili 

2 
is also available 

within RLPLOT from the optional ability or performing detector an /or incident ,flux 
normalisation. 

Diffuse scatterinp from Yttria-stabilised Zirconia 
Within the cubic structure of Zirconia (ZrOz), which is stabilised at ambient temperature by the 
presence of > 9mol% Yttria (Y2O3), oxygen vacancies exist to maintain electrical neutrality. 
While the structure of Zr02N203 is fluorite, within the crystal there occur vacancy-free regions 
which cause a slight tetragonal distortion of the cubic lattice. This effect will give rise to coherent 
diffuse peaks at systematically absent Bragg peak positions. In addition, there is some ordering 
of vacancy pairs within the structure, giving rise to superlattice diffuse peaks in positions away 
from the Bragg peaks. 

Figure 7 shows data collected on SXD from a single crystal .of Zr02-9.4%Y203 (Hull et al, 
1990). The sample was aligned with < 110 > vertical, allowing access to (hhl) reflections in the 
equatorial plane of the detector. The figure shows this (hhl) section, and clearly shows Bragg 
and diffuse scattering from: this material.. The sharp reflections such as (113) and (224), with h,k,l 
all even or all odd, are allowed in the cubic space group. Others, such as (114) and (116), are the 
diffuse Bragg peaks due to the. distortion -of ,the cubic lattice. There is also some diffuse 
scattering in the regions away from the Bragg peak positions;.the observation of which is made 
easier by the surveying capabili 

7 clustering. The measurement o 
.of SXD. These superlattice peaks are those caused by vacancy 
diffuse scattering to the high Q values accessible on SXD (note 

the observation of the (l,l,lO) diffuse peak) is important for the reliable modelling of the 
structural disorder causing this intensity. 
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Figure 7 - Bragg 
and diffuse 
scattering in the 
(hhl) plane of 
yttia-stabilised 
zirconia, 
ZrO2-9.4%Y203. 
Note the high Q 
reached in this 
measurement, with . . 
the (l,l,lO) diffuse_ 
~s;~l;learly. 

. 

in- 
‘-n 

2 3 4 5 '. 6 7 8 

X in ( 1.0X, t.OX, 0.0X ) -> (h h 0) 

Magnetic ohase transition inHolmium 
‘i 

The low temperature diffsaction pattern of Holmium is rich in magnetic structure. The 
reciprocal space scanning properties of SXD can be’used to follow phase transitions such as that 
in Ho (at around 133K) m a particularly simple way. B 
geometry fixed in one orientation it is possible to measure 

retaining the. crystal and detector 
t C e temperature dependence of many 

reflections simultaneously. Satellite reflections, their positions and intensities, can be examined 
in any direction in reciprocal space. In an experiment such as the one in this example, one SXD 
histogram is frequently sufficient to give all the required data under one set of sample 
conditions. ; 

In this experiment (Stirling etal, 1990), the region around (001) was examined in the temperature 
range 150 + 14K. The magnetic phase transition gives rise to incommensurate reflections at 
(0,0,1&q) which can clearly be seen to appear as the temperature is lowered from 150K to 120K. 
Figures 8a and 8b show the 
magnetic 

R 
I 
Okl) reciprocal lattice 

hase transition, c early demonstrating t K 
lane of Ho measured above and below the 
e a pearance’bf incommensurate satellite 

peaks. T 
the Bra 

e temperature variation of the (001) row clear y showed the’satellites to move closer to P 

scans o 88 t 
peaks and lock-inat 4 = MC. In addition to these measurements around (OOI), full 
e (hOl)plane were carried out at a series of ‘tempera&resin the-magnetically ordered 

region. These surveying scans, carried out rapidly and conveniently on SXD show, as expected, 
no evidence of squaring of the magneti? satellite structure (Figure 9). 

i;, ,_ <, -,_ . .: ‘.-_J. I.*, : .._, : -. : . 
I ,. L .(,.. :i . ._: ; : 
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Figure 8 - Reciprocal lattice plots of sections of the (Okl) plane in Ho above (left) and below 
(right) the magnetic phase transition. The appearance of satellites in the low temperature phase 
is apparent. Note the Q-ranges displayed in these plots are different. 

2 4 
(ho01 

Figure 9 - A projection of the (h01) plane in Ho at 120K showing the one dimensional nature of 
the incommensurate vector q, along c. 
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Ferroelastic doma’ns ‘n LiKSQ ~ 

Lithium potassium su;phate undergoes several phase transitions, at temperatures varying from 
940 to 38 K. These transitions have been characterised by several techniques, but for most of the 

1 
.hases only.preliminary single crystal neutron scattering datanare available.. In both % hase V 
elow 198 K and hase VI below 38 K there is a ferroelastic domaitl structure lea 

broadenin f mg to a 

B 
and sp itting of certain peaks in the diffraction pattern. The studyof this material on 

SXD shou d allow the measurement of peak shape in all reci rocal s ace directions and hence 
lead to a greater understanding of the symmetry changes invo P *R ved m t e paraelastic-ferroelastic 
phase transition. The profile of the (12 0) reflection of LiKSO4 at 60K is shown in Figure 10. As 
can be seen from this, peak broadening and splitting is observed, showing the symmetry to drop 
at least to orthorhombic and possibly to monoclimc in phase V I.’ 

7.0 7.2 7.4 7.6 7.8 8.0 0.2 -8.4 0.6 
time-of-fright, fxnsi : 

7.5 8.0 

time-of-flight (ms) 

a.5 

Figure 10 - The profile of the (120) reflection of LiKSO4 at 60K, displayed as a multiplot of 
spectra and a contour plot in (2&t) space. The broadenin and splitting of this peak, which is 
narrow and single above 190K, gives information on the erroelastic domain symmetry. B 
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VI. CONCLUDING REMARKS 

It is clear from the results presented in these later sections that the first year or so of science 
performed on SXD have been rather successful and show great promrse for the future, especially 
m the fields of diffuse scattering and reciprocal s ace probing. Developments of the detection 
system are continuing in parallel with the scienti & c programme, with the next aim to provide a 
larger version of the fibre-optic encoded ZnS module, the best. and most reliable detection 
system available on SXD to date. 
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Future ISIS single crystal instruments ’ 

C C Wilson and W I F David , ~ ,, 
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ABSTRACT ’ 
The designs of two proposed new single crystal instruments for ISIS are described. The 
biological structures instrument DIBS will allow the study of-large unit cell ‘materials in 
reasonable counting times. HRED, the high resolution elastic diffractometer, will provide 
a single crystal instrument of resolution AQ/Q - 109, increasing the available resolution 
for reciprocal space surveying by some lo-fold over that currently obtainable on SXD; 

I. IN_TRODUCTION 

The sin le c 
time-o -flig P x 

stal programme established at ISIS has now begun to illustrate the potential of the 
t Laue techni ue at a ulsed neutron source. It is clear that the existing SXD is 

limited in its exploitation o the ~1 e range of crystallographic science available at ISIS. For 1 3 
reasons both of limited unit cell size and limited resolution, there are parts of the programme 
which are effectively precluded from study by SXD. 

To extend the size of structure amenable to study into the large molecule biological and organic 
chemical regime, the instrument DIBS (Diffraction Instrument for Biological Structures) is 
pro R osed. 
by t 

The development of neutron diffractometers for biological applications is hampered 
e fact that biology is difficult for neutron crystallography, involving as it does very large unit 

cells and small crystals. However, there are many biological problems requiring neutron 
diffraction input, and with the expansion of the biological sciences it is becoming increasingly 
important that the potential exploitation of neutrons in biology is exploited. The main thrust of 
DIBS is towards maximising both useful flux on the sample and data accumulation rate, and it is 
hoped that this would allow such structures to be studied in a reasonable counting time. It is 
clear that for such an instrument, significant improvements in both hardware and software are 
required to give optimal performance. 
obtaining high flux on the sam le, 

Thesomewhat mutually incompatible required mix of 

resolution for the separation of re x* r 
imp1 ng a short beamline, while retaining sufficient 

ections rom a large unit cell material, is tackled m the DIBS 
design. 

One of the most successful ISIS instruments to date has been the high resolution powder 
diffractometer (HRPD). By exploiting the excellent resolution (Ad/d - 5 104) available on a 
long flight path instrument at a pulsed neutron source, HRPD has opened new areas of science 
within the field of powder diffraction and has allowed a much deeper understanding of the 
detailed ph 

r 
sits accessible by the technique. Experience on HRPD has shown that not on1 

i5 
can 

an order o magnitude improvement in resolution lead to a greater understanding of e ects 
previously suspected and partially measured, but can also yield hitherto unsuspected details. 
The development of single crystal diffraction at ISIS, on the other hand, has concentrated more 
on rapid reciprocal s 
have shown the wea f ace surveying at modest resolution. The results obtained to date on SXD 

th of information available by this technique and have yielded promising 
results in both near and off Bragg peak diffuse scattering among others. However, the data 
obtained on SXD are at times tantalising - there is obviously a .great deal of information 
available, much of which is masked by the low instrument resolution., Time-of-flight reciprocal 
space surveying has reached in some senses the stage reached by neutron powder diffraction 
before the advent of HRPD. A similar ten-fold improvement in resolution should have the 
same impact in this aspect-of the single c 
information at present only 

stal field, allowing a greater understanding of that 
r 

beyond the limits of SXD. K 
artially avai able and also yieldin new information at present 

T e design of HRED, the High Reso ution Elastic Diffractometer, f 
should allow the opening of these new areas. 
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II. DIBS - SCIENTIFIC CASE AND GENERAL PRINCIPLES 

Crystallography underpins all of the solid state sciences and has made a major impact in areas as 
diverse as high T, su erconductors and in the determination of the structure of DNA Neutron 

K diffraction, on the ot er hand, has made a major impact in physics and chemistry but much less in 
the biological sciences field. The impact of neutron diffraction methods in the latter has been 
modest to say the least, when compared with the impressive list of discoveries achieved using 
X-rays. 

Neutrons do, however, have an extremely important role to play in the study of biological 
structures. Many of the mechanisms for biological activity in proteins, nucleic acids and other 
large scale biological systems, are associated with hydrogen bonding, solvent water structure 
and other forces depending crucially on a knowledge of the locations of hydrogen atoms within 
the structure. In the location of these vital hydrogen atoms, neutron diffraction has a significant 
advantage over all other techniques. 
unlocatable by X-ray methods. 

In particular, these hydrogen atoms are virtually 
In addition, the ability to perform isotopic substitution - 

exchanging deuterium for hydrogen - 
biological probe. 

further enhances the potential of the neutron as a 

There are two principal problems with neutron diffraction from large unit cell samples: low 
neutron flux and small crystal size lead to prohibitively long countmg times; the very large 
incoherent scattering of hydrogen gives a high background, prejudicing the peak/background 
ratio attained and thus leading to reduced precision. Designed to overcome these problems, 
DIBS was conceived in part as a result of ideas put forward by Lehmann and Wilkinson (1989) 
for a quasi-Laue diffractometer (LADI) at the ILL, and by extrapolation (Wilson, 1988) of 
earlier calculations of requirements for biological crystallography at a pulsed source presented 
by Jauch and Dachs (1984). 

The current single crystal diffractometer (SXD) at ISIS is a time-of-flight Laue instrument, but 
is designed and optimised for the study of fairly small molecule structures, and is thus primarily a 
physics/,chemistry instrument. With a largest cell edge amenable to study on SXD of some 
30-35 A wi ! current hardware and software, and a largest unit cell volume of some 
3000-5000 8, much of organic, organometallic and biological crystallo 
In addition, SXD is situated on a hot (ambient water) moderator, and the /? 

raphy is inaccessible. 
ux distribution peaks 

at a much shorter wavelength than would be ideal for large structural work. Acold moderator is 
much more suitable (see below). The aim in designing an instrument such as DIBS is to reach the 
specifications required in much of contemporary biological crystallography: 

(i) Unit cell edges of up to 100 A; 

(ii) Cell volumes > lo5 A3; 

(iii) dmin in the range 1.2-1.5 A dependent on crystal diffraction characteristics; 

(iv) Reasonable data collection times (days/weeks rather than months); 

(v) Crystals usually limited to V - 1 mm3 even in favourable cases; 

The Laue method, the most obvious data collection technique on a pulsed source, permits the 
simultaneous measurement of many Bragg peaks and is thus efficient for the rapid collection of 
many data (> lo5 reflections for a moderately large protein). A single crystal instrument on a 
pulsed source has very significant advantages in using the Laue method, related to the fact that 
time-of-flight allows the separation of different reflection orders, but more importantly 
“stretches” the incoherent background from hydrogen. This latter scattering is of necessity 
integrated into the detector on a steady state Laue diffractometer. This factor has a significant 
effect on the peak/background ratios achieved. With such data, collected on position-sensitive 
detectors, excellent spatial resolution is necessary to resolve the many Bragg peaks, whose 
centres are typically closer than 1% in AQ/Q. 
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II.1 Calculations and Assumptions. , 

Wilson (1988) proposed the following modifications to improve the prospects for biological 
structural studies on SXD: 

(9 

(ii) 

(iii) 

(iv) 

(v) 

(a 

Profile fitting for the extraction of integrated intensities see’ below) - the limiting 
‘resolution (in time) is given b AQ/Q-0.017 (assuming pe i, 
SXD at 8 m, - 0.006 at 20 m. TK e required resolution for 1.2 x 

s separated by 2.50) for 
dmin along a 100 z cell edge 

is -0.006. Profile fitting can reduce peak separation to ,< flu, reducing the required 
AQ/Q to some 0.015 or more. An -8 m instrument would then become tractable in terms 
of time resolution; 

Angular resolution requirements can aIso be reduced by using profile extraction of 
intensities. The assum tion of 3 mm resolution detectors at b = 1 m used in one of the 
earlier extrapolations see below) is then unnecessarily strict. Placing 3 mm resolution P 
detectors (current technology) at L2 = 0.3 m is sufficient,-if the anticipated resolution in the 
profile fit is obtained; 

Flux improvement 
instrument, -2-3 x 

can be gained by using a large wavelength range (Ah of > 4 A for short 
for a 20 m instrument) and a colder moderator to increase the useful 

flux of colder neutrons (where the h4 reflectivity term in the intensity equation becomes 
very favourable). A tight pulse is still required, however, for a short instrument to be viable 
and it may be necessary to sacrifice some flux to poisoning. It should be noted again that to 
first order the inchrsion of a lar er h window does not 
reflections which would be accessi % le in the short window, c? 

rejudice the accuracy of the 

the time-of-flight technique. 
ue to the favourable aspects of 

This is because in time-of-flight the background is 
time-sorted in a way unique to pulsed sources, allowing one to increase the range of data 
collection without penalty; 

The detector array can be increased (see below), in light of recent advances in easy to 
construct ZnS scintillator PSD technology. Pursuing fibre-optic encoding designs for 
large area PSDs, better than 3 mm resolution is achievable over large ( > 300x300 mm2) 
areas. We can assume a variety of detector arrays, depending on cost and availability of 
profile fitting for intensity extraction; 

The use of a focusing guide extending into the insert shielding can further increase the flux 
on the sampIe; 

Data 
R 

recessing would involve the extensive use of front-end transputer-based number 
crunc ing, to automate the bulk of the work of integrated intensity extraction. Coupled 
with the provision of a fast modern-day minicomputer such as VAXstation-3200, this 
set-up should be able to cope with the rapid data rates expected. 

Under various scenarios, the following very approximate extrapolations can be made. These are 
based on the original estimates (Jauch and Dachs, 1984) of some 10 weeks data collection time 
for a 20 m instrument with a guide. The assumptions used are of a factor two increase in flux 
from both pulse exploitation and provision of more cold neutrons; a factor of three in detector 
coverage in designs (ii) and (iii) below and a factor of some five from the use of a focusing guide 
on the short beamline, In addition in all these calculations 100% detector efficiency has been 
assumed (this is not yet reahsed). 

(i) I-$$ i2e;gution, SXD-20, guide, 10 P Ds at L2 = 1 m : 

t- = 10 weeks for 1.25x lo5 1 3 cell (low/25 = 3 days for lysozyme). 

(ii) pdera$e..!.solutron SXD 20 utde$ $PSDs at 0.3 m : 
t- = 3 wekks fo; l.i!xiO A cell (3w/25 = 1 day for lysozyme). 

(iii) Low resolution, SXD-8, focusin guide, 10 PSDs at 0.3 m : 
test - 20/2/3/5 = 5 days for 1.2 I x lo5 A3 cell (5d/25 = 5 hours for lysozyme). 
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Given that software advances allow the 3D 
successfully exploited (and there is alreadyevi B 

rofile fitting intensity extraction method to be 
ence that this is the case), then obviously the most 

rapid data collection design should be chosen for biological studies. DIES would then resemble 
the -8m instrument described above. 

The latter design begins to appear very similar to that proposed by Lehmann and Wilkinson 
(1989) for a protein Laue instrument at the ILL, where they assumed LJ = 7 m, L2 = 0.1 m, 
angular coverage of PSDs equivalent to 10 modules at 0.3 m, AA = 2 A (achieved through 
velocity selectors), in which they estimated some three hours for the study of lysozyme, very 
similar to the data collection time given for DIBS above. Given the a 
of these estimates, the difference in these numbers (three versus f! 

proximate nature of some 
ve hours) is probably not 

significant. The reasons for this favourable comparison of count rate between LAD1 and DIBS, 
in spite of the probable order of magnitude greater flux on sample of the former, are two-fold: 
LAD1 requires 2-3 wavelength bands in its “quasi” -Laue approach, whereas DIBS time sorts 
the whole range in a single data set; poor peak/background (1:lO) on LAD1 resulting from the 
integration of the hydrogen incoherent scattering compares unfavourably with that predicted for 
DIBS (l:l), giving a further factor of three in required counting time. Thus, in the present very 
rough approximation, the counting times on the two instruments appear roughly equivalent. 

II.2 Software Improvements 

In the context of’DIBS, these are essentially geared towards the dmin for which reliabl’e intensity 
information may be extracted for a large structure. The resolution limits quoted above are 
based on the assumption that reliable intensity extraction is only possible for peaks whose 
centroids are > 50 apart (o being the FWHM of the peak profile). However, by adopting a 
strategy analagous to the Pawley (1981) peak fitting method (itself an adaptation of the Rietveld 
method) one can fit an overall “envelope” or profile to the entire observed pattern. Use of the 
Pawley method (in one dimension) has been shown to vastly improve the apparent resolution of 

P 
eaks,.i.e. to allow extraction of useful intensity information for 

ess than 5a . By adopting a three-dimensional extension o P 
eaks separated by considerably 
this profile fitting technique it 

should be possible to resolve reflections separated by, say, la (A O.~CJ), improving the apparent 
resolution by a factor of some five. 

Initial work on this profile intensity extraction technique has begun, usin data sets collected on 
the existing SXD. As an example, intensities were extracted from the 001) row of reflections ig 
(Figure 1) from a W-hexaferrite sample with c=32.9 $ It was found possible in this case to 
extract intensities for reflections up to (O,O,SO), d = 0.4 A, in a region well beyond the normal 
“resolution” limit in 
implementation o I 

terms of overlapped peaks) of the instrument. This test bodes well for the 
the full 3D profile software. 

II.3 Hardware Improvements 

As mentioned above, in order to maximise count rate, it is necessary to have a very large array of 
position-sensitive detectors around the sample, subtending as large an angle as possible. The 
ILL proposal for LAD1 uses 100% efficient PSDs with 1 mm resolution situated at 0.1 m from 
the sample - technology as yet unproven in either aspect but which obviously reduces the area 
coverage requirements and hence the diffractometer costing. The area detectors proposed for 
DIBS are envisa 

P 
ed to be. based on the fibre-optic encoded ZnS scintillator PSDs recently 

successfully insta led and tested on SXD (Davidson, Mott, Rhodes and Johnson, 1989). The 
prototype module for this type of area detector has performed very satisfactorily and the 
extrapolation to the desired properties is being pursued at present. The specified properties for 
DIBS modules are: 
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8 

Time (ms) 

Figure 1 - Time-of-flight spectrum of the (001) row of the W-hexaferrite, measured on SXD. 

(0 
(ii) 

(iii) 

(iv) 

(v) 

(vi) 

3 mm pixel resolution, possibly reducing to 1.5 mm by interpolation; 

2-3 l_ts dead time per module will be adequate for DIBS data collection rates; 

Efficiency > 50% for 1 w neutrons, approaching 100% for. longer A - significant 
development is required to realise this for ZnS scintlllator modules; 

Ease and speed of construction - 300 x 300 mm2 modules should be built on a timescale of 
l-2 months when this becomes routine. The economical nature of the construction also 
allows large spatial coverage to be achieved without enormous expense; 

The modules could be constructed in a curved array, forming part of a spherical surface 
surrounding the sample; 

Around 10 of these-modules would form the basic DIBS array, situated at L2 - 0.3 m. 

The data acquisition and processing capability required for such an extensive data processing 
array and the data rates anticipated for DIBS would be substantial. The data collection is 
envisaged to use the proposed ISIS DAE-II and would rely on extensive use of transputers to 
push many of the number+runching aspects of data collection and reduction into the hardware 
at the front-end, includin 
removal of this taxing task B 

the extraction of integrated intensities from the raw data. The 

for further processing. 
rom the computing system would allow the use of the,extensive CPU 
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11.4. DIBS - a provisional design 

The essentials of the DIBS instrument design (Figure 2) are therefore : 

L1 - 7-8 m; 
b - 0.1-0.3 m, depending on detedtor technology; 
Cold moderator (liquid CHb or liquid Hz) - possibly on S4 or S5 at ISIS (see Figure 6); 
Focusing guide; 
Large area detector coverage (10 modules of 300 x 300 mm2 active area, 3 mm resolution 
at 0.3 m b); 
Restricted 4-circle geometry as for SXD; 
Profile fitting intensity extraction in three dimensions; 
Transputer based data treatment. 

II.5 Prospects 

It is hoped that testing of the DIBS principle can begin shortly on ISIS, with tests on a cold beam 
using the present ZnS fibre-optic encoded PSD with a moderately large unit cell material such 
as 1 sosyme or a large organic material. A larger version of the ZnS module is in construction 
an B is intended to be installed on SXD early in 1991. This module will have most of the desired 
detector characteristics outlined above for DIBS and will re 
technology required. Further developments of the profile so F 

resent a proving of the detector 
tware are in hand, with extension 

to full 3D processing expected shortly. Given that these developnients can proceed with some 
alacrity, it IS hoped that a fully detailed and costed ro osal for DIBS will be made in the near 
future. A workm 
developments in % 

panel has been set up at RAL to Klg rt er facilitate both this and more general 
lological crystallography at ISIS. 

III. HRED - SCIENTIFIC CASE AND GENERAL PRINCIPLES 

The intrinsically high resolution available at pulsed neutron sources offers significant 
advantages in the study of crystal structures, with resolutions of Ad/d - 10s3 easily achieved 
using prima 

x 
flight paths of > 50 m. In addition, the constancy of this resolutidn function on a 

time-of-flig t instrument implies that multiple orders of a Bragg reflection can be studied 
simultaneouslywith equal reciprocal space precision. This can be a reat advantage, particularly 
if there is significant structural detail, such as twinning, sate1 ite: .B reflections. and diffuse 
scattering, in the vicinity of Bragg peaks. 

There are several fields in which an ultra-high resolution single crystal instrument such’as 
HRED would obviously make a significant impact, although as stated above, it would be 
expected that still newer fields would open up in practice as a fully operational instrument of this 
type to some extent sets its own agenda. Those fields which HRED would obviously benefit are: 

(9 High resolution near-Bragg peak scanning in all three reciprocal space dimensions 
Twinning tooology. incommensurate satellite reflections (intensities, 4 values, 

(ii) 

(iii) 

(iv) 

broader&g), ‘phalg ’ transitions, diffuse and quasielastic 
magnon scattering; 

Measurement of equivalent Q positions at different 20 
Thermal diffuse scattering (TDS) and soft phonon studies, 
peak measurements, magnetic diffuse scattering (2D and 
extinction and absorption models; 

Reciprocal space topology’of diffuse scattering 
Defect structures, orientational disorder; 

Quasicrystals 

scatteiing, one phonon and 

critical scattering and central 
3D spin correlation studies), 
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III.1 Resolution considerations in the design of HRED 

The resolution of a single crystal diffractometer can be highly anisotropic, with contributions 
from both time and angular uncertainties. In order to match the time-of-flight resolution, 
At/t-5.10-4, small detector pixels and long secondary fli 
backscattering angle positions. The proposed main f 

ht paths are required in all but high 
etector for HRED is a quasi-one 

dimensional ‘ribbon’ array, using -2nS scintrllator and fibre-optic encoding, with 2 mm x 2 mm 
pixels in an array 10 cm high, subtending angles in the range 60 to 175’ at an average L2 of 2 m. 
This .will result in a FWHM reciprocal space resolution of some 10e3 in all reciprocal space 
directions. Additional 10 cm high ribbon detectors at +(20-60’) with L2 of 1.5 m (for long 
d-spacing information) and a 300 x 300 mm2 moderate resolution 2D PSD at 90” (primarily for 
orientation information) would complete the detector array. The overall detector array would 
thus consist of > lo5 pixels, which with the large number of time channels required to match the 
resolution, would preclude the decoupled use of all pixels and all time channels. Selective 
sampling of reciprocal space would be software controlled and tailored to the experiment. 

III.2 The scientific scope of HRED 

One ohonon TDS 
One phonon thermal diffuse scattering (TDS) can already be examined in some detail using 
SXD, with early measurements (Wilson, 1990; Willis, Carhle, Keen and Wilson, 1990) showing 
considerable changes in the phonon spectrum as the scattering geometry changes. However, to 
date the quantification of these effects (Figure 3) has been made difficult by the relatively poor 
instrumental resolution and by the limited angular range accessible in a single measurement. A 
full understanding of the TDS close to Bragg peaks is essential in highly precise structural 
analysis, and the provision of ultra-high resolution and large angular coverage on HRED will 
make the instrument ideally suited for investigations of the effect. 

Figure 3 - Thermal diffuse 
scattering around the (224) 
reflection of SrF2, measured on 
SXD. The features on this plot 
are seriously instrument - 
resolution limited. The full 
study of scattering effects of this 
corn 
reso P 

lexity requires the 
ution offered by HRED. 
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To investi ate 
performe f 

the potential of the HRED technique, single crystal pilot studies have been 
on HRPD (David, Kahi)iama and IbberSon, 1990). By’locating ati Angei camera 

area detector at 20-90” on HRPD, with its 96 m fli 
be achieved, matchin 

f 
the projected performance o f 

ht path, fractional resolutions of 0.1% can 
HRED. 

on a single c stal o 
A test experiment tias carried out 

transition at 4 7 
LaNkOh, which undergoes a mq>noclinic-tetragonal. ferroelastic, phase 

previous 
5’ C. This material is often twinned in the low temperature monoclinic phase and 

owder 
vicinity o P 

diffraction measurements had indicated unusual peak broadening :in the 
the phase transition. 

-/ . . . 

Data were collected in four runs at 360,430,470 and 500” C, with the variatiog of the diffraction 
pattern close to the (220) reflection illustrated in Fi ure 4 The twinned natu’re of the-crystal is 
clearly indicated at 3$O”C, in. which the (220) and 220) reflections can clearly be seen. The 8 
separation of these two eaks, som;e l%, is clearly Ssolved and can be seen to redube as the 
temperature is increase $ towards the phase transition and the tetra4on,al_ phase. i At 47O”C, 
however, an additional reflection is seen, corresponding to the formation of-a new type’ of twin 
which is only possible with small distortions and involves pinning to crystal imperfectionssuch as 
dislocations. Above the phase transition at 5OO”C, the distortion has clearly collapsed and a 
single (220) Bragg peak IS observed. At this temperature, however, the presence of diffuse 
scatterin resulting from very soft acoustic modes can also be observed, further illustrating the 
wealth o B information available at high resolution from single crystal neutron diffraction. 

Figure 4 - The evolution of 
twmning in a single crystal. of 
LaNbOd. These data, measured 
on HRPD .using tin Anger 
camera area detector, are 
representative of the data 
available in a single crystal 
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III.3 HRED - a provisional design 

The instrument (Figure 5) has essentially the following features: 

L1 - 60 m; 

Beamline S8, straight guide, Cfi moderator (see Figure’6); 

L2 - 2 m (high angle), 1.5 m (low angle); 

2D ‘ribbon’ PSD, 60” < 28 c 175 O, 10 cm high, 2 mm square pixels; 

and 2D ‘ribbon’ PSD, 28 = +20-60’, as above; 

and 2D PSD, 20 = 90’, 300 x 300 mm2, 3-5 mm pixel resolution, L2 = 300 mm; 

Resolution AQ/Q - 10m3; 

Selective sampling of reciprocal space volumes. 

HRED basic layout 

-6Om 
. 

High angle ribbon 
detector, L2 = 2m 

Orientation PSD at 90” 
Low angle ribbon 
detectors, L2 = 1.5m 

to chopper Frame overlap 
choppers 

HRED main ribbon detector 
160<28< 175” at L7=2m\ 

4m 

v ’ 
O.lm 
A 

/ 
50 pixels 

2000 pixels 
lo5 pixels in total 

Figure 5 - HRED, basic schematic layout and detector design (not to scale). 

870 



PULSED MUON FACILITT 

ISIS INSTRUMENTS 

Figure 6 - Layout of the ISIS Experimental Hall, showing the possible locations of the two 
planned new instruments DIBS and HRED. 

III.4 Prospects 

Testing of the HRED concept will continue from both the high resolution 
resolution (SXD) limits, as part of the single crystal pro 

HRPD) and low 

f 
ramme at ISIS. I Resu ts obtained from 

these will further indicate the scope of HRED for exp oring new science and will enable, for 
example, detailed data collection and processing strategies to be examined. In addition, a small 
prototype fibre-optic encoded ZnS detector is planned, at the 2 mm resolution required for the 
instrument. In the li 
designed in the near a 

ht of these tests, a fully detailed and costed HRED instrument will be 
ture. 
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C(NNiimura): In single crystal diffractometer of TOF type, large area detector is essential. But if we want to 
measure several Bragg reflections with the X = 1 A neutrons, the observed number of reflections is limited. We 
must think about it The larger detector is the better, but it depends on the kind of an experiment. 

A(C.C.Wilson): TOF is ideal for measuring reflections at different X - allowing for correction of k dependent 
terms. We must also, of course, retain diffractometer flexibility to allow the measurement of what you 
suggest, but the advantages of the pulsed source / time-of-flight technique is not so apparent in such an 
experiment, 
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ABSTRACT 

Light-weight drum choppers rotating at 15 Hz have been in use on the IPNS 
powder diffractometers for several years, where they serve to.eliminate the delayed- 
neutron background from.much of the spectral region of interest. Monte Carlo 
simulations indicate that a-similar chopper operated at 15 Hz should do an excellent job 
of delayed-neutron removal in the new small-angle diffractometer being designed at : 
IPNS. The simulations also show that when the same chopper is operated at 7.5.Hz it, 
performs quite successfully as a ,frame-elimination chopper, effectively eliminating 
neutrons from: alternate pulses and allowing extension of the useful wavelength range of 
the instrument to -28 A; Thus the incorporation of such. a chopper should add 
considerably to the range and flexibility of the new instrument. 

I. INTRODUCTION 

A major goal in the design of a new small-angle diffractometer at IPNS is the achievement of 
a much lower Qmin than is currently available on the IPNS small-angle diffractometer SAD 
(current Qmin for SAD is -0.005 A-‘). Since 

Q = (4~ sin&)/h , (1) 

reaching smaller values of Q means measuring either to smaller values of the scattering angle #=28 
or to larger values of the wavelength X, or both. Practical considerations require that the total 
source-detector distance be at leasr -9 m, so that wavelengths beyond -14 A are overtaken by 
neutrons from the next frame of the 30 Hz source. Thus access to wavelengths longerthan 14 A on 
the new instrument will require the use of some means of either a) eliminating all wavelengths 
shorter than 14 A or b) eliminating alternate source pulses. This paper addresses the feasibility of 
the latter approach. 

*Work supported by U.S. Department of Energy, BES, contract No. W-31-109-ENG-38. 
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A significant problem at pulsed spallation neutron sources using fissionable material in their 
targets is the “delayed” neutrons which are emitted from short-lived excited states of the target 
nuclei.‘12 Because the lifetimes of these excited states range up to tens of seconds, these delayed 
neutrons leave the target at times which are uncorrelated with the prompt pulses, and so cannot be 
energy-analyzed by the usual time-of-flight (TOF) methods Instead they contribute to the sample- 
dependent background in the neutron scattering.instruments. Broad-bandpass neutron choppers 
have been used to reduce the delayed-neutron background on the IPNS powder diffractometers 
SEPD and GPPD for the past two years.3 They have been very successful in reducing this 
background in the long-wavelength regions of the TOF spectrum, where the scattering signal is 
usually the weakest and hence background is most troublesome. A similar chopper should likewise 
be effective in reducing the delayed-neutron background in small-angle diffractometers at pulsed 
neutron sources. 

A simulation program has been written to assess the use of a chopper similar to those used for 
delayed-neutron removal at SEPD and GPPD to eliminate alternate source pulses, and to study the 
quality of the small-angle scattering data which results under these conditions. This simulation 
allows the treatment of delayed neutrons, so the ability of such a chopper to reduce the delayed- 
neutron background can also be assessed. The simulation program and the results obtained are 
discussed below. A semi-quantitative comparison behveen this use of a frame-elimination chopper 
to access larger values of .X to reach small Q and the alternative of using tighter collimation to allow 
measurements to smaller values of # to reach the same small Q is also included so that the relative 
data rates available under the two different approaches might be estimated 

Although the simulation results reported here are specific to the geometries of the IPNS small- 
angle diffractometers and to the 30 Hz IPNS source repetition rate, the resulting conclusions should 
be qualitatively applicable to any other pulsed-source small-angle diffractometer where the source 
pulsing frequency is higher than optimum. Calculations of this type could be readily adapted to 
other instrument geometries and source frequencies if quantitative information is desired in those 
cases. 

II. THE SIMULATION 

The program FECHOPS is a Monte Carlo simulation of a small-angle scattering instrument 
which was designed to provide a detailed understanding- of the effects which would occur if a drum 
chopper, similar to those used for delayed neutron removal on the powder diffractometers SEPD 
and GPPD at IPNS, were used to remove the delayed neutrons or to “eliminate” alternate prompt 
pulses to permit the utilization of long-wavelength neutrons. FECHOPS was modeled after the 
earlier program DNCHOP4 which was developed to analyze the use of delayed-neutron choppers 
on SEPD and GPPD. The geometry for this simulation is shown in Fig. 1, and Appendix 1 
develops the equations governing such a drum chopper. 
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Figure 1. a) Schematic layout of moderator, chopper, sampie, and detector used for thii simulation. b) Details 
of chopper geometry. 

Neutron Traiectories 

The simulation considered neutrons arriving at the detector over two “frames” of the 30 Hz 
source, or 66667 ps, with the frame-l -prompt pulse occurring at the beginning of this period. 
FECHOPS generated a set of neutron trajectories from moderator to detector. Each trajectory was 
analyzed accord&to whether it was intercepted and/or absorbed by the chopper and according to 
whether it represented a neutron which .would be detected by a real detector. It was also analyzed 
according to whether it originated from the prompt pulse of frame-l, the prompt pulse of frame-2, 
or as a delayed neutron. ,@elayed neutrons were assumed to be uniformly distributed in time, .and 
to have’ the same energy spectrum as the prompt neutrons.) Each trajectory was along ,a line in the 
x,y plane from a random point on the moderator through-a random point on the sample (see Fig. l), 
so that the full ranges of relevant angles and positions at the chopper were sampled. For most of 
the simulations the chopper was operated to pass a broad band of the neutrons originating in the 
frame-l prompt pulse,. while eliminating most neutrons originating in the__frame-2 prompt pulse 
which occurred 33333 J,G after the frame-l pulse, Figure 2 shows a distance vs time d&-am for 
the chopper and pulsed source operating under’these conditions. ‘Figure 3 shows &operation of 
the chopper at twice this frequency in a purely delayed-neutron-removal mode whereit is set to 
pass a broad band of wavelengths from each prompt pulse of the source.’ Both d&Wings also show 
sources of ‘frame-overlap” neutrons, which are those arriving at a given time but originating from a 
different pulse and having a different wavelength than intended. For clarity the figures show these 
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frame overlap from frame overlap from 

t(msec) 

Detector 

Chopper 

Moderator 

Figure 2. Time-distance diagram for a 20 cm dia drum chopper at 4.2 m from the source when the chopper is 
operating at 7.5 Hz and the source at 30 Hz. The broad hatched band at x=4.2 m indicates times when the 
chopper is fully-closed, and the regions where this band tapers to a point indicate times when the chopper is 
opening or closing, with the width of the band indicating the fraction of the beam blocked by the chopper. The 
chopper phasing and open-angle have been chosen to provide no interference for prompt frame-l neutrons 
arriving at the detector between 5000 and 65000 fl when the chopper is operated at this frequency. 
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Figure 3. Time-distance diagram for the chopper of Fig. 2 operating at 15 Hz when the source operates at 30 Hz. 
Chopper open-angle is the same as for Fig. 3, but the chopper phasing has been changed to provide no 
interference for prompt neutrons arriving at the detector between 2500 and 32500 DS when the chopper is 
operated at this frequency. 

frame-overlap neutrons as originating from only one or two of the prompt pulses, and arriving at 
the detector at times greater than 66667 JLS or 33333 ps for Figs. 2 and 3 respectively. However, it 
should be remembered that the actual patterns repeat with periods of 66667 ps or 33333 PS (Figs. 2 
or 3 respectively) so these “frame-overlap” regions can all be considered to collapse back onto the 
first 66667 ps for Fig. 2 or the first 33333 ps for Fig. 3. 
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Neutron trajectories could be selected from an energy distribution in one of two different 
modes. In the first mode, each neutron was given a random energy E according to the probability 
distribution 

I(E) = AEe-E/Eo + B/B[l + (E/5Eo)7] ECEmax 

IQ=0 E’Emax 

(2) 

which is a Maxwellian joined to a l/E epithermal spectrum with a Westcott joining function, and 
terminated at some maximum energy Em,,. Each neutron was then randomly assigned to be 
“delayed’ or “prompt” with relative probability given by the delayed-neutron fraction selected for 
that particular simulation. Prompt neutrons were randomly chosen to originate in frame-l or frame- 
2 (with equal probabilities for 30 Hz source operation, or probability of 1 for frame-l and 0 for 
frame-2 for 15 Hz source operation), and, left the moderator at t=O for frame-l or at t=33333 ~.ts for 
frame-2. Delayed neutrons left the moderator at a random time between t=O and t=66667 ys. Each 
trajectory was inspected to see whether or not it was intercepted by the chopper. If intercepted, the 
neutrons were randomly “absorbed” or “transmitted” according to the absorption probability for the 
specified thickness of the absorbing material based on its linear absorption for neutrons of this 
energy. Each trajectory was also randomly detected or not detected by the detector, according to 
the assumed detector efficiency at this energy. Because of the form of the spectrum of Eq. (2), this 
mode resulted in the generation of a large number of trajectories for neutrons of high energies, but 
very few trajectories in the low-energy tail of the Maxwellian. 

In the second mode, the neutron trajectories were chosen randomly from a uniform distribution 
of wavelengths extending over the range of O-84 A, which is three times the nominal range of the 
instrument. This wide range was chosen to reflect accurately the effects of frame-overlap neutrons 
on the simulated scattering spectra. Each trajectory was then weighted according to the probability 
of the occurrence of this wavelength in the original spectrum (Eq. 2) and assigned as above to 
frame-l, frame-2, or delayed. In this mode also, each trajectory was inspected to see whether or not 
it was intercepted by the chopper. If intercepted, the trajectory was weighted by the transmission 
probability for the specified thickness of the absorbing material based on its linear absorption for 
neutrons of this energy. Each trajectory was also weighted according to the detection probability 
for neutrons of this energy. This mode of trajectory generation, although requiring more 
computation time per trajectory than did the first mode, was much more efficient in sampling the 
long-wavelength behavior of the system. Thus this mode was used almost exclusively for the study 
reported here. 

In either mode, each trajectory was binned according to the arrival time of the neutron at the 
detector. Arrival times greater than t=66667 JLS were “wrapped-around” (had a multiple of 66667 
ps subtracted from them to leave an arrival time between 0 and 66667) to provide a realistic 
treatment of frame-overlap. Each trajectory was actually accumulated into several different 
histograms, representing various combinations of the probabilities of transmission through the 
chopper and of detection. 
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Scattering by the Sample 

The various spectra generated from the neutron trajectories as discussed above correspond to 
what would be called the incident beam “spectrum” in a small-angle diffraction measurement under 
the corresponding types of measurement conditions. In addition to these, a second set of spectra 
were accumulated in which the trajectories were weighted according to the probability of scattering 
from a sample and were binned according to arrival time (as above) and scattering angle. 
Scattering was assumed to be isotropic, and equal-width angular bins were chosen ranging between 
a specified minimum and maximum scattering angle. For each trajectory, the Q for scattering to the 
center of each angular bin was calculated, and the weight assigned to this bin was the scattering 
probability for each such Q multiplied by the solid angle of this bin (27r#A#). Thus each trajectory 
contributed to scattering at every angle, but with a different probability for each angle. Use of such 
a fixed set of scattering angles rather than randomly selected scattering angles was dictated by the 
desire to generate a good statistical sampling of angles in a reasonable amount of computing time. 
This may have introduced some distortion into the data, but the results shown below indicate that 
any such distortion is small. The scattering probability assumed for all calculations reported here 
was that appropriate to the “Bates poly” sample used as a standard on SAD, namely 

I(Ql = 0.0247 Q-2 . (3) 

Sample transmission was assumed equal to unity in generating these scattering spectra. All such 
scattering spectra were also weighted according to the probability of detection of each neutron, and 
two separate spectra were collected, one weighted according to the probability of transmission 
through the chopper and one corresponding to the no-chopper case. 

The program REDUCE used for reduction of data from the SAD instrument was modified to 
give the program FEREDUCE to provide similar reduction of the scattering and spectral data 
output by FECHOPS. This program allowed a choice of which time-slices and angular bins were to 
be included in the data reduction, and then produced a “measured’ I(Q) vs Q output f^lle resulting 
from only this subset of the “raw” scattering data generated by FECHOPS. 

III. SIMULATION RESULTS 

The simulation program was run with a variety of parameters to investigate how such choppers 
might perform on the IPNS small-angle diffractometers. Parameters chosen were roughly those 
which would be appropriate to SAD or to the new small-angle diffractometer, and are summarized 
in Table I. For all calculations described here, the chopper was located in the beam gate cavity at 
4.2 m from the moderator, and the detector was assumed to be 9.0 m from the moderator. 
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TABLE I - Parameters for the Simulations in Figures 4-9 

Parameters varied 

Source frequency (Hz) 
Chopper rotation freq ,(Hz) 
Fully-open times’at det (is) 

tmin 
tmax 

Open-angle 2 6 $ (rad) 
Delayed-neutron fraction 

Parameters held fixed in all simulations 

Moderator-chopper dist L, (m) 4.2 Sample width (cm) 
Moderator-sample d&L, (m) 7.5 Minimum scattering angle (rad) 
Moderator-detector dist Ld (m) 9.0 Maximum scattering angle (rad) 
Moderator width (cm) 9.0 Number ofscatteringangle bins 

* . 

4-5 Figs. Fins. 6-7 

30 30 
7.5 7.5. 

5000 5000 
65000 ” 65000 , 

1.7754 i 1.7754 
0.0 “’ 0.028 

Chopper radius R (cm) 
Absorber material 
Absorber thickness d (cm) 
Detector thickness (cm) 
3He fill pressure (atm) 

10.0 

B4C 
1.0 
2.5 
1.5 

1.0 
0.0 

0.1 
50 
3.0 Moderator spectral energy E, (meV) 

Thermal/epithermal ratio for moderator 3.0 
Maximum neutron energy (meV) 109 
Number of arrival time bins 200 
Number of trajectories 3x106 

Figs. 8-9 

30’ 1 

15 

2500 
3250 
1.7754 
0.028 

Frame-Elimination - Chopper at 7.5 Hz 

Figure 4 shows the scattering detected from “Bates poly”, calculated with the source running 
at 30 Hz and with no delayed neutrons, and Fig. 5 shows the “measured’ incident beam spectrum 
(transmitted by chopper and detected) calculated under these conditions. The chopper was run at 
7.5 Hz (15 Hz opening frequency) for these calculations. The chopper opening and phasing were 
chosen as in Fig. 2, so that frame-l neutrons arriving at the detector between 5000 and 65000 I.CS 
had no chopper interference (the chopper was fully open, meaning that no portion of the chopper 
absorbing material was in the beam, when these neutrons passed the chopper position). Also shown 
for comparison in Fig. 4 is the “Bates poly” scattering.function which was assumed in generating 
the simulated scattering data. In order to show more clearly the “instrumentally” introduced errors 
in the simulated scattering data, a plot of relative differences between the simulated results and the 
original “Bates poly” data is also included. 

The most obvious deviation in Fig. 4 between- the “measured” scattering function resulting 
from reducing the simulated scattering data and the original assumed scattering function (“Bates 
poly”) is the “dip” in I(Q) between Q - 0.025 A-” and Q m 0.04 A-‘, which results from’the 
relatively high-energy frame-2 prompt neutrons which were not rejected by the chopper. Figure 5 
and the data printout from the simulation show clearly that only time-slices 101-112 (33331-37331 
ps) were affected by such neutrons, and when these time-slices were eliminated from the analysis 
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Figure 4, Reduction of simulated scattering data for Bates poly for 7.5 Hz chopper and 30 Hz source with no 
delayed neutrons. Chopper phasing and open-angle are as in Fig. 2. Other parameters of the simulation are 
given in Table I. (a) Full I(Q) calculated from the simulated data; (b) percent difference of the simulated I(Q) 
from the original scattering function. Angular bins between 0.004 and 0.1 rad and all time channels between 0 
and 66667 JLS were included in the analysis producing the circles, while time-channels between 33331 and 37331 
fl were excluded from the analysis producing the triangles. 

Figure 5. “Measured” spectra transmitted by the chopper and detected for the simulation of Fig. 4. The solid 
curve is the total spectrum, the dashed curve is the contribution from frame-l, and the dotted curve is the 
contribution from frame-2. 

this deviation was gone from the resulting I(Q) vs Q curves (triangles in Fig. 4). However a more 
subtle deviation of the “measured” I(Q) from the assumed function still persisted over most of the 
small-Q portion of the data. This deviation was due to frame-overlap effects from frame-2 long- 
wavelength neutrons being transmitted through the chopper opening, as can be seen clearly in Fig. 
2. Inspection of Fig. 2 suggested that this effect could be mostly eliminated if the chopper opening 
were designed to pass only the long-wavelength neutrons from frame-l (say those arriving at the 
detector between 35000 and 65000 ps), and simulations under these conditions showed that this 
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was indeed the case, with quite good agreement between the resulting reduced data and the 
assumed scattering function. However, such a choice for chopper parameters means that several 
different chopper phasings would be required to cover the entire Q range, thus considerably 
reducing the effective data rate of the instrument. Alternatively, a suitable set of mirrors in the 
incident beam might be used to reflect out all wavelengths longer than -28 A and hence also 
eliminate such frame-overlap effects. Since such mirrors should provide only a small perturbation 
for wavelengths below 28 A and would permit the full 28 A range to be sampled with a single 
chopper setting, this would be the preferable alternative. 

Figures 6-7 show data equivalent to that of Figs. 4-5, but this time with delayed neutrons 
included in the simulation. A delayed-neutron fraction of 0.028, appropriate to present IPNS 
operation as measured recently on SAD,’ was assumed. Inspection of Fig. 7 shows that the 
chopper effectively eliminated those delayed neutrons which would have arrived at the longer times 
(above -50000 PS) but did little to those which arrived at shorter times. This is evident in Fig. 6, 
where even after exclusion of the time-slices containing frame-2 prompt neutrons there is a large 
discrepancy between the measured and assumed scattering functions at intermediate Q values, 
while this discrepancy mostly disappears at low Q values. As shown in Fig. 6, these delayed- 
neutron effects can be largely eliminated by excluding time-slices 71-150 (roughly those where the 
delayed-neutrons contributed more than 10% of the incident spectrum) from the data reduction. 
Even with this large range of wavelengths (-10-21 A) excluded, there is still sufficient redundancy 
in the data set to provide reduced data which completely cover the entire Q-range, although with 
somewhat poorer statistics. The resulting low-Q data are then in reasonable agreement with those 
of Fig. 4, indicating that most of the remaining low-Q discrepancies are due to frame-overlap 
effects. There are still some remaining delayed-neutron effects at intermediate Q values in the 

hm au2 0.04 0.m 0.m 

Q 

Figure 6. Reduction of simulated scattering data for Bates poly for 7.5 Hz chopper and 30 Hz source with a 
delayed-neutron fraction of 0.028. Chopper phasing and open-angle are as in Fig. 2. Other parameters of the 
simulation are given in Table I. (a) Full I(Q) calculated from the simulated data; (b) percent difference of the 
simulated I(Q) from the original scattering function. Angular bins between 0.004 apd 0.1 rad and all time- 
channels between 0 and 66667 ps were included in the analysis producing the circles, while time-channels 
between 33331 and 37331 fl were excluded from the analysis producing the triangles and time-channels between 
23331 and 50000 fl were excluded from the analysis producing the pluses. 
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Figure 7. “Measured” spectra transmitted by the chopper and detected for the simulation of Fig. 6. The solid 
curve is the total spectrum, the dashed curve is the contribution from frame-l, and the dotted curve is the 
contribution from frame-2. 

reduced data, but these result in less than 10% errors (consistent with the choice of time-slices for 
exclusion) which can be readily handled with analytical correction techniques. 536 

Delayed-Neutron-Elimination - Chopper at 15 Hz 

Instead of operating the chopper at 7.5 Hz to eliminate alternate prompt pulses, the same 
chopper can be operated at 15 Hz while utilizing every pulse of the 30 Hz source. In this case the 
maximum wavelength is restricted to -14 A. Figure 3 shows the distance-time diagram which 
results when the chopper of Fig. 2 is operated at 15 Hz (thus opening and closing at 30 Hz) and 
phased to provide clear transmission for neutrons arriving at the detector between 2500 and 32500 
ps. Figures 8-9 show simulated results with this chopper system when the delayed-neutron fraction 
was set to 0.028. In Fig. 8, the data are in good agreement with the assumed function except at the 
lowest Q values where the data lie somewhat above the assumed function. Inspection of Fig. 3 
indicates that this is most likely due to frame-overlap. Additional simulations with no delayed 
neutrons showed data essentially identical to those of Fig. 8, confirming that the chopper had 
eliminated all significant delayed-neutron effects from the reduced data. This is supported by Fig. 
9, which shows that the chopper had indeed eliminated essentially all the delayed neutrons in the 
incident spectrum which would have arrived at the longer times where the scattering signal and the 
prompt incident spectrum were small. The chopper passed the delayed neutrons at shorter times, 
but there the scattering signal and the spectrum were s,uffkiently large that the delayed neutrons had 
relatively little effect on the resulting reduced scattering data. 

By changing the phase of this same chopper while still operating at 15 Hz, it can be used in a 
“band-selecting” mode where it is set to pass neutrons arriving at the detector between 35000 and 
65000 PS after each pulse, thus covering the long-wavelength part of the range considered in Figs. 
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Figure 8. Reduction of simulated scattering data for Bates poly for 15 Hz chopper and 30 Hz source with a 
delayed-neutron fraction of 0.028. Chopper phasing and open-angle are as in Fig. 3. Other parameters of the 
simulation are given in Table I. (a) Full I(Q) calculated from the simulated data; (b) percent difference of the 
simulated I(Q) from the original scattering function. Angular bins between 0.004 and 0.1 rad and all time- 
channels between 0 and 33331 JLS were included in the analysis. 

0 loooo zowo 44mo sooo0 A! microsec 
60000 n 00 

Figure 9. “Measured” spectra transmitted-by the chopper and detected for the simulation-of Fig. 8. The solid 
curve is the total spectrum, the dashed curve is the contribution from frame-l, and the dotted curve is the 
contribution from frame-2. 

4-7 but using every pulse. However, inspection of Fig. 3 shows that this is likely to lead to 
problems. Any choice of chopper phasing other than that shown in Fig. 3 leaves the chopper open 
at the times these long-wavelength neutrons reach the detector, and thus allows faster delayed 
neutrons to reach the detector at these same times. Further sirnulzuions with such chopper phasing 
showed. that, as expecte.d, virtually all the long-wavelength portion of this spectrum was 
overwhelmed either by frame-2 prompt neutrons (shorter-wavelength portion of this band) or by 
delayed neutrons (longer-wavelength portion of the band). Thus it does not appear. likely that 
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different choices of chopper phase (other than those near that shown in Fig. 3) will yield significant 
amounts of useful long-wavelength data. 

Operation at Short Wavelengths - Chopper at 60 Hz 

The time required for the chopper to go from fully open to fully closed is the time required for 
one edge of the chopper opening to sweep through half the beam width, since the exit side of the 
chopper will be sweeping through the other half of the beam at the same time. For a 20 cm 
diameter chopper operating at 15 Hz and chopping a 4.52 cm wide beam (this is the beam width at 
the 4.2 m chopper location in these simulations), this time required to go from fully open to fully 
closed or vice versa is 2419 JJS. This translates to a 5183 BS range of times at the detector 
associated with neutrons which have passed through the partially open chopper (tapered portion of 
the shaded chopper band in Fig. 3). If this chopper is phased to begin opening at time t=O, then the 
first neutrons for which it is fully open are those arriving at the detector at t=5183 ps, which have 
X=2.28 A. In order to have the chopper be fully closed at t=O and fully open for shorter-wavelength 
neutrons, it must be operated at a higher speed. This in turn will reduce the maximum wavelength 
which it will transmit. 

Simulations were carried out for the case when the chopper was operating at 60 Hz (opening 
and closing at 120 Hz) and was phased to be fully open for neutrons detected at 1200 PS (starting to 
open at -96 ps). With this phasing the chopper was fully open for neutrons detected between 1200 
and 8700 ~1s (O-53-3.82 A) and after one-half revolution was again fully open for neutrons detected 
between 19057 and 26557 PS (8.38-11.67 A). Analyzing only the data from time-frames 
corresponding to these ~0 full-transmission regions lead to excellent agreement with the original 
scattering law, so it may be useful sometimes to operate the chopper at these higher frequencies 
when short-wavelength neutrons are desired. However, even with 60 Hz operation it does not 
appear feasible to utilize neutrons much below 0.5 8, without rephasing to let some of the initial fast 
burst through the chopper, and this may lead to background and detector-recovery problems. Also, 
with 60 Hz operation, roughly half of the potentially useful wavelengths are discarded by the 
chopper, so this mode is not very efficient. 

IV. SEMI-QUANTITATIVE COMPARISON OF INTENSITIES 

The intensity I measured in a solid angle dS1 and wavelength interval dX from a sample with 
cross-section dCldS1 is 

I = 1,A,t,T, e (dCldS2) dSMX (4) 

where I, is the total intensity per unit wavelength on the sample of area A, and thickness t,, T, is 
the sample transmission, and r is the detection efficiency. If converging multiple-aperture 
collimators are used and the distances from source-to-sample and sample-to-detector are kept fixed, 
then the intensity on the sample will vary at least as fast as A(Y~, where ACU is the incident beam 
divergence permitted by a single channel of the collimators, assuming the collimators are ideal 
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(zero blade thickness).7 If a chopper is used to remove n-l pulses out of every n pulses, then the 
incident beam intensity at a given wavelength will be proportional to l/n. With these assumptions, 
and considering only the long-wavelength As5 portion of the incident beam spectrum 

I, QE n-l Xe5 Aa2. (5) 

The size of the penumbra of the direct beam at the detector determines the minimum useful 
scattering angle 2 emin* and this penumbra size is nearly linearly related to bar, so to a reasonable 
approximation 

Aa a 6,h. 

When the instrument is configured for a specific Qmin, and Q is measured for a specific 

combination of 8, X, A8 and AX, the measured intensity is thus 

I(QkQ . mm ) a (duda) n-l Xe5 ZJ min2 dSMX . 

At some small Q = Qmir., we must have 8 = 6min and X = Xmaz, since 

and to provide appropriate resolution 

A8 a B,h 

AX a X,,, . 

Furthermore, for isotropic scattering 

dS2 a 8 A8 a emin * 

Combining these results in the relationship 

I(Q=Q,iJ a (dWd@ n-l Qmin4 . 

(7) 

(9) 

(10) 

(11) 

(12) 

Thus with the approximations made here, the measured intensity at Qmin for a given Qmin depends 
only on n, and is highest (n=l) when Qmin is achieved by tightening the collimation rather than by 

eliminating pulses. However this dependence is only first order, and when the realities of practical 
converging multiple-aperture collimator construction (such as blade thicknesses on soller 
collimators) are taken into account it is likely that the two approaches would yield intensities of 
comparable magnitude at a Qmin of -0.002 A-‘, which is the goal for the new IPNS small-angle 
diffractometer. 
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V. DISCUSSION 

These simulation results showed that a drum chopper of the type described in Fig. 1 and Table 
I operating at 7.5 Hz could be effective in the elimination of most of the prompt neutrons from the 
second frame, permitting collection of data with neutrons out to -28 8, on the IPNS small-angle 
diffractometers. The same chopper operating at 15 Hz could eliminate most delayed-neutron 
effects from the data obtained with normal 30 Hz source operation which utilizes neutrons out to 
-14 A, thus resulting in much better signal-to-noise than is currently available~on SAD for the 
long-wavelength data. However, when the chopper was operated at 7.5 Hz in the simulation both 
delayed-neutron and frame-overlap problems were evident in the data. The delayed neutron effects 
were mostly eliminated in this case by rejection of time-slices arriving at times between -24000 
and -50000 ~rs. The frame-overlap effects could be mostly eliminated by use of a chopper with a 
narrower opening (which would then restrict the Q-range which could be covered with one setting), 
or possibly by other means such as critical reflection from suitably-arranged mirrors. 

The geometries of SAD and and the new IPNS small-angle diffractometer are somewhat 
restrictive with regard to use of such a chopper. All the simulations reported here have been for a 
chopper at 4.2 m from the source, which corresponds to the gate cavity location for these 
instruments. The chopper diameter was therefore set at 20 cm, which is roughly what would fit in 
this cavity. Some simulations were also carried out with the chopper located just outside the 
biological shield (5.65 m from the source). As would be expected from Fig. 2, this mode of 
operation was much less satisfactory, with much more of the frame-2 prompt pulse being 
transmitted, and agreement between reduced data and the assumed scattering function was not 
achieved for the limited number of situations simulated with this chopper distance. (Agreement 
could probably be achieved if the chopper opening were made sufficiently narrow, but this would 
lead to other operational problems.) 

Semi-quantitative arguments comparing the options of tightening collimation or using longer 
wavelengths to reach smaller Q values, indicate that tightening collimation appears to give a higher 
intensity near Qmin. Many details such as the minimum resolution achievable on the detector, the 
non-zero thickness of the collimator blades, etc., have been ignored in obtaining this rough 
estimate. As the collimation is pushed to smaller values of A.a, collimator blade thickness will start 
to become important, and detector resolution will become important when 8min or the A8 

necessary at 8min are reduced to values comparable to the detector resolution divided by the 
sample-detector distance. For the small-angle diffractometers at the 30 Hz IPNS source, both of 
these effects become important below Qmin -0.003 A-‘. Thus the approximate intensity 
relationship derived above should be considered to be merely a rough guide, but the conclusions 
should still be valid; namely that the use of a frame-eliminating chopper of the type considered 
appears to be feasible, at least in terms of intensities, and that the use of such a chopper probably 
would result in data rates comparable to those which would be obtained if tighter collimation alone 
were used to achieve the same small values of Qmin. 

If a frame-elimination chopper were used, it would be relatively simple to stop it in the open 
position or to have it open at the 30 Hz rate (rotation at 15 Hz), thus setting n=l and giving one 
particular value of Qmin. It would then be quite easy to change the chopper opening rate to 15 Hz 
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(rotation at 7.5 Hz) to give n=2 and a factor of 2 reduction in Qmin with the same collimators. 
Changing between Qmin values in this fashion should be much simpler than the elaborate 
automated collimator and beamstop insertion mechanisms which would be required to vary Alru to 
change Qmin. 

In conclusion, the simulations have shown that a chopper of the type considered would make a 
significantimprovement in the signal/background-at the IPNS small-angle scattering instruments. 
It would also provide much-greater flexibility and the option of using, when the need arises, longer- 
wavelength neutrons than would otherwise be possible. Thus the IPNS small-angle-scattering 
instruments will .be equipped with such choppers as soon as ispractical. Similar choppers would 
likely be beneficial on other pulsed-source smallangle-scatering instruments as well. 

APPENDIX 1 - Drum Chopper Description 

Chopper Phase and Opening Angle 

The chopper is designed to be completely open for prompt neutrons arriving at the detector at 
times between tmin and tmax. If the total flight path to the detector is Ld then the chopper must be 
completely open between tcmin and t,,,, given by 

If the beam is designed to have a width W, at the moderator and W, at the sample, then its width 
WC at the chopper is 

WC = W&c + Wm(Ls*Lc)l& 9 (A3) 

where Lc and L, are defined in Fig. 1. This width translates into an angular chopper opening of 
: 

a$, 
= 2sin-’ (WJ2R) 644) 

where R is the chopper radius (Fig. 1). Between the times tcmin and tcmax the chopper rotates 
through an angle 

(A5) 

where o is the angular rotational frequency of the chopper. The total chopper opening angle (Fig. 
lb) is then 

265/=6$,+-W,. (A@ 

The center of the chopper opening must be lined up with the beam axis at the time tc given by 
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(A7) 

Interception of Neutrons 

The neutron is emitted at time te from the position ym on the moderator. It then travels with 
velocity v at an angle CY to the beam centerline (Fig lb). The chopper is a hollow cylindrical drum, 
which can be treated as a thin shell of radius R rotating with angular frequency o if the thickness of 
the absorbing material is small compared to R. The chopper has openings on opposite sides, each 
of which subtends an angular range, at the chopper center, of + SJI about a line through the centers 
of these two openings. The chopper axis is located at x=Lc, y=O, and the chopper phase is such that 
the center of the chopper openings lines up.with the beam centerline at time tc. 

The neutron trajectory makes two intersections with the chopper shell or its openings. These 
are at positions (xl,yl) and (x2,y2), shown in Fig. lb. If u is assumed to be small, it can be shown 
that for i=l or i=2 

xi = Lc - [B - (-l)iD]/A (A@ 

where 

A=1+or2 

B = &m + AC) 

D = (a2brn + aLd2 - (1 + a2)[(ym + dc)2 - R21 1 1’2 * 

These two intersections occur at the times tl and t2 given by 

‘i=t +[xi2+(y.-y e 1 m )2]1/2/v . 

(AW 

(Al 1) 

6412) 

(A13) 

The points (xl,yl) and (x2,y2) can be represented as the points (R,3/1) and (R,$2) in a polar 
coordinate system centered on the chopper axis. 

Jli = tan-l[yi/(Xi - Lc)] + (i-2)r . (Al4) 

In this same coordinate system at time ti the two chopper openings are centered at (see Fig. lb) 

ti ck = w(ti - tc) - lr (Al% 

J/ cbi = a($ - tc) * b416) 
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For a “black” chopper, the neutron will be transmitted at its ith intersection ,with the chopper 
periphery if it lines up with either opening, or hence if for some integer n 

(A17) 

or if 

$ cbi-S$‘2nr < $i < $cbi+b$‘2nr. (A18) 

In order for the neutron to reach the sample, it must be transmitted for both i=l and i=2. 

If the chopper is not “black”, there is some probability of transmission even if the neutron is 
intercepted by the chopper. This can be easily computed from the linear absorption coefficient of 
the absorbing material and its thickness, and on whether the trajectory of the neutron traverses this 
thickness once or twice. 

. 
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ABSTRACT 
A neutron wave will be refracted by an appropriately varying potential. Optical neutron 
polarizers use spatially varying, spin-dependent potentials to refract neutrons of 
opposite spin states into different directions, so that an unpolarized beam will be 
split into two beams of complementary polarization by such a device. This paper will 
concentrate on two methods of producing spin-dependent potentials which are particularly 
well-suited to polarizing cold neutron beams, namely thin-film structures and 
field-gradient techniques. Thin-film optical devices, such as supermirror multilayer 
structures, are usually designed to deviate only one spin-state, so that they offer the 
possibility of making insertion (transmission) polarizers. Very good supermirrors may 
now be designed and fabricated, but it is not always straightforward to design 
mirror-based devices which are useful in real (divergent beam) applications, and some 
practical configurations will be discussed. Field-gradient devices, which are usually 
based on multipolar magnets, have tended to be too expensive for general use, but this 
may change with new developments in superconductivity. Dipolar and hexapolar 
configurations will be considered, with emphasis on the focussing characteristics of the 
latter. 

I. INTRODUCTION 

The momentum of a neutron will vary with changes in local potential, so that a neutron 
beam which passes through an inhomogeneous potential will experience refraction effects 
analogous to light waves. If the potential has a magnetic component, the interaction between the 
neutron and the field will depend on the orientation of the neutron moment, p, relative to 
the field, and the refraction effects will thus be polarization dependent. This effect has been 
applied in a variety of techniques which produce spatial separation of the two spin states of 
the beam, allowing production of fully polarized beams [l]. In this article, I shall describe two 
basic classes of polarizing device which use such refractive effects to polarize (or analyze) 
neutron beams in the thermal to cold range; such devices are known as optical neutron 
polarizers. Attention here will be directed to the production of linear polarization; that is, 
beams with the neutron parallel (-) or anti-parallel (+) to the magnetic guide field direction. 



The methods may be extended to produce circular (or precessing) polarization by using 

appropriate spin-turn devices, which are described in detail elsewhere [2]. A thorough review of 
neutron optics in general has been given by Klein and Werner [3]. . I 

II. THIN-FILM OPTICS 
“.I 

Total external (or mirror) reflection from a magnetic material has long been used to 

polarize neutrons. Bulk magnetic mirrors are difficult to saturate, however, and the 
associated magnetic circuits made such devices large and heavy. Use of easily saturated thin 
films of magnetic material, deposited on a substrate by sputtering or evaporation, removed 
this difficulty and allowed production of compact devices which co‘uld be- considered routine 
spectrometer components. A neutron of wavelength d which enters a material with number 
density N of scatterers with mean nuclear scattering amplitude b, and magnetic induction B, 
experiences a refractive index which is double-valued (corresponding to .2r+l states, s=1/2): 

nk = 1 - r2z(NbJ27r T m,(B-H)plh2) (1) 

where m, is the neutron mass, H is the magnetic field strength, and h is Plank’s constant; 
the signs correspond to the two .possible polarization. states of the neutron. The refractive 
index differs only slightly from unity (typically, In-1 1 23 10-S). An elementary application of 

Snell’s law shows that there. will be a wavelength-dependent 
reflection which is a,lso spin-dependent: 

critical angle for total 

(2) . 

Inspection of eqn (2) shows that for a suitable choice of material, the critical angle will 
be null when Nb = 2zm,(B-H)p/h2, so that only one spin-state will be reflected. This is the 
basis for all thin-film optical polarizers. For commonly. used materials, such as FeCo 
alloys, the critical angle is less than 1” l nm -1. The essential features of the effect are 
shown in Fig. 1. 

Figure 1. Reflection of neutrons from a plane parallel plate. The refractive indices 
in air and in the thin film are n, and n, respectively. All angles are greatly exag- 
gerated for clarity. 

The reality of the optical effects involved was shown clearly in early measurements of the 
reflectivity of thin-film polarizing mirrors., Constructive interference would. be ‘expected 
betweens the rays A and B of Pig. 1 whenever, the path difference is a multiple off the 
wavelength. If the glancing ,angle 8r is held fixed, this leads to the expectation that 
interference fringes will be observed when 

: 
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iz = 2(dlk) (tl12 - $z)ln ( k=1,2, ._.) (3) 

and these fringes were indeed observed [4] (Fig. 2). The system of Fig. 1 is essentially a Lummer- 
Gehrke multiple-beam interferometer [5] which allows the refractive index profile of the surface 
to be measured, and it was recognized that this would be a valuable tool for surface studies [6]. 
A recent review shows that this type of measurement is now a growth industry [7J 

Wavelength A (nm) 

Figure 2. Neutron intensity as a function of wavelength reflected at a glancing 
angle B=O.OlS radian from a magnetized thin film (150 nm of FeCo on glass), 
showing interference fringes [4]. The wavelength spectrum of the incident beam is 
shown dashed (not to scale) for comparison. 1’ is the critical wavelength for this 
material and angle. d represents the wavelength resolution. 

n=n A (A) 

n=np (P) 

n=n, (1) 

n= n * (2) 

k 
(2) dk2 

\ 

n=n s (S) 

Figure 3. Geometry of a general multi-bilayer structure composed of 2N alternating 
thin films of generic materials 1 and 2, having respective refractive indices It1 
and n2, and thicknesses d, and d, in the k’th bilayer (k=l,...,N). The structure 
is assumed to lie on a substrate S and to be protected from an atmosphere A by a 
protective coating I’. All angles have been greatly exaggerated for clarity. 
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The small values of 8,. have been ‘a source .of great difficulty in. making use of these 
effects in practical spectrometers, since beam divergences often exceed; .: the angular 
range of mirror reflection. Two different approaches have been taken to overcome this 
problem, both based on ., fabricating .mi&ois, .tith _ multilayered structures. The first 
approach is to construct a synthetic crystal, by depositing. alternating layers of 
magnetic and non-magnetic materials, chosen such .that the matching condition derived 
from eqn (2) now also applies between layers for one spin state. The structure will thus 
act as a diffracting crystal, only for the unmatched i spin state, and the diffracted beam 
will be polarized, as well as monochromatic [8]. The second approach [9,10] is a 
generalization of the .multilayer monochromator structure to a. graded series of multi- 
layers, as shown in Fig. 3. 

The basic physikal idea behind the structure of Fig. 3, which is called a supermirror 
structure [9,10], is : to superimpose -a series of multilayer monochromator crystal 
structures, each of .which has a slightly different d-spacing, so that the complete 
structure responds like a mirror, but to larger angles than would be achieved with a 
single layer. Apart from the obvious physical constraint that the spacing should change 
slowly over an extinction: length, so that each “crystallite” can reflect fully, the 
optical problem of designing such a structure is ill-conditioned, and various designs 
have been proposed [g-13]; a review of the properties of such thin-film structures has 
been given by Majkrzak [14]. 

For simplicity, I shall only consider non-absorbing. materials, .in which case “the angles 
w in Fig. ‘3 will coin&de with the angles 0 corresponding to Snell’s., law; in general, 
however, the angles 8 will. be’ complex, while. the w are real [13]. In the absence of 
absorption, the angle w in a layer of material of type c~ is related to the _-exterior 
glancing angle 8 and the critical angle 0, by 

% 
= (62 - ez)ln 

: 

(4) 

Optimal reflectivity from any bilayer k. will oCcur when -the’ bilayer acts as ,a r2/2 plate, 
with each component sublayer having L/4 optical thickness of material p; the equivalent 
physical thickness is given by 

(5) 

Applying. eqns (4) and (5) to each half .of the bilayer gives the refraction-corrected 
expression of Bragg’s law for the bilayer. It _ is_ important to note that, at -low angles, 
Bragg peaks may shift by 20% from the positions computed without allowance for 
refraction, and the full expressions must be. used when. designing multilayer monochromator 
structures as well as supermirrors. 

Significant improvement in the angular .range of reflectivity of a mirror may be 
obtained by using a supermirror structure just a few bilayers thick. Figure 4(a) shows a 
50% gain (FWHM) over a simple mirror, using 8 bilayers. For more- ambitious- mirrors, the 
number of layers increases rapidly, since, in the asymptotic limit of very thin layers, 
the thickness of the k’th layer varies as 

d, o( (A,,14yec) k-lf4 (6) 

and many layers must be added for a small change in angular. reflectivity. Most designs 
have been based on continuum .arguments; the best optimized is probably that of Schelten 
and Mika [ll], an example of which is given .in Fig, 4(c). More recently, a discrete 
thin-film multilayer (DTFM) design has been proposed [13] which provides the same, response 
with fewer layers, and overcomes the ‘problems of sustaining reflectivity in the vicinity 
of the critical edge, as shown in Fig. 4(b). Recently, experimental neutron reflectivity 
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data, on mirrors constructed to different designs have confirmed the superiority of the 
DTFM structure [15]. 

0 1 2 3 

Cl/& 

Figure 4. Calculated neutron reflectivities for different Ni-Mn multilayer mirrors, 
shown as a function of glancing angle 8 scaled to the critical angle for total mirror 
reflection, 0,= (a) DTFM design with 16 layers total; (b) DTFM with 350 layers total; 
(c) continuum design of Schelten and Mika with 404 layers total. (Note the dip 
near the critical angle in the latter design.) 

III. PRACTICAL THIN-FILM DEVICES 

Successful fabrication of a polarizing supermirror structure provides only a partial answer 
to the problem of producing an efficient polarizing insertion device using a super-mirror 
stack This is because the topology of a stack is not equivalent to that of a long, flat 
mirror, but rather to that of a channel, which has quite different characteristics. A 
channel can only be designed for perfect reflection of an exactly parallel beam; any 
divergence allows some rays in the beam to be doubly reflected (Fig. 5, ray B), while other 
rays may not be reflected at all. Simulation studies of the problem (Fig. 6) show that, in 
general, only about 40% efficiency can be achieved for realistic systems. 

One approach is to curve the channels, so that the Soller-like structure acts as a set of 
parallel polarizing neutron guides. If the spacing between reflecting layers is a and the 
radius of curvature is R, the. length which corresponds to avoiding direct line-of-sight is 

L, = (8aR)'n (7) 

corresponding to a characteristic angle 

y* = (WR)ln = L&x (8) 

Such a guide structure only transports wavelengths longer than that at which y*=8, which 
restricts the utility of such polarizing Sollers. A further disadvantage is that the exit 
divergence is determined by 8, rather than the entry divergence, so that they cannot be used 
as insertion devices on a triple-axis spectrometer, for example, without an undesirable 
effect on the resolution. These devices nevertheless provided the first practical solution to 
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Figure 5. Schematic diagram of a mirror assembly using Si wafers. The beam enters 
nearly perpendicular to the Si substrate, so that glancing reflection at the air-Si 
interface is not possible. The mirror layers between wafers need not necessarily be 
the same. There is very little attenuation in the material, so that either the 
reflected or transmitted beams (which have opposite polarization) may be used. 
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Figure 6. Transmission of a beam with 20’ divergence through a supermirror stack, 
calculated by simulation with periodic boundary conditions at the top and bottom of 
the channel. The solid lines represent neutrons parallel to the mean beam direction; 
dotted lines are at the half-width limits of beam divergence; the relevant angles 
are shown at bottom left in the scaled units of the figure. If the incident angle is 
matched to 8, only about 40% of the beam is reflected correctly. Increasing the 
incident angle allows recovery of some of the divergent neutrons, but the mean beam 
direction then becomes doubly reflected; efficiency remains around 40%. 

the problem of producing a compact, lightweight long-wavelength polarizer [16], and were 
used, for example, on the first full-scale spin-echo spectrometer [17]. Many other variations 
on stacked practical designs have been proposed [l&20]. There is considerable incentive to 
improve the response of a plane, polarizing mirror stack, since such devices have many 
desirable properties; when used in transmission, for example, they become true insertion 
devices which do adversely effect spectrometer resolution. One solution is to make use 
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of the bandpass filter capabilities of the DTFM design [13] to place mirrors of different 
bandwidth strategically through a stack structure, rather than duplicating the same mirror 
throughout. Such structures show greatly improved handling of divergent beams (Fig. 7). 

-7.88 Angle- Cd-s3 )&j-i 7.88 

-1.88 - I 

-7.88 Angle Cdeg3 

Figure 7. Intensity and polarization in a beam after transmission through a super- 
mirror stack made of alternating mirror types with bandpass reflection character- 
istics. The incident beam (dashed line) is mostly reflected (solid line) into a cleanly 
separated beam with about 79% efficiency and complete polarization. Results 
were computed by recursive simulation using 2x104 neutrons. 

IV. FIELD-GRADIENT OPTICS 

Multipolar magnetic fields provide a different means of providing a suitable optical 
potential gradient to separate the spin states in a beam. If the induction B has a 
gradient in the r-direction, the neutron will experience a force 

F, = -a@*B)/& (9) 

This is the well-known Stern-Gerlach effect, and it provides a useful method of measuring 
the absolute polarization of a linearly polarized beam, by physically separating the two 
polarization states into two detectors of calibrated efficiency. It is not a generally 
useful way of polarizing a spectrometer beam, however, since the separated beams have 
asymmetric divergence characteristics. The latter problem may be overcome by using a 
hexapolar magnet geometry [21]. For a cylindrical hexapole magnet with current distribution 

J = J, cos 3g, (10) 

where Q, is the azimuthal angle, the radial and angular field components are 

B, = -B, (r/R)2 sin 3q, 

(11) 
B, = -B, (r/Q2 cos 3q9 
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where B, is the field at’ R; the’ inner radius of--the -conductor. Tk absolute <value of the 
field is then independent of 9, i depending : only--- on the .-rzidius,...r ,from the central axis: 

‘0: .- 
,B, =B,(rlR)z 

: 
, .:‘% _:.- ,:- .- ” (12) .( ,, _ . . . i . . .; 

The force on a neutron in such a field is : therefore. proportional to : r : and- is ,directed 
radially inwards or outwards, depending on the neutron’ spin direction. in. the field: 

..:: 

F= ~2pB,, r/R2 
. 

. . (13) 
. . ..,::- : ,. 

This radial force leads : to equations of motion of the : neutron having’ the form 

a2xi I at2 = iO2 Xi 

02 = 2pBdm,,R2 

where r2 = x12+x22, and the time variable is t=z/v, 
the neutron velocity. Solutions to eqns (14) are of 
cash cot for (+) neutrons. The latter thus diverge 

. . . 

: _ : , 
.’ 

. (14) 

where z is the axial direction and v is 
the form cos cot for 
away from the axis, 

oscillate about it on a path which has the interesting property that all 
parallel to the axis focus to an axial point after exit from the hexapole, 
given by 

~ 

(-) neutrons, and 
while the former 
neutrons entering 
at a focal length 

f = IL cot(coL/v)l(oL/i)~ 05) 

. independent of their radial position. at entry. The calculation for a divergent- beam, which 
is best undertaken by simulation, gives essentially the same result for typical divergences: 
it is possible to focus one spin state in the beam onto a focal plane with 100% 
polarization. (A truly axial neutron of either spin state experiences no force, so that a 
small beam stop needs to be placed on the axis.) 

To date, hexapoles have not seen widespread use as polarizers, because the magnets 
required for beams typically encountered (say, 30 mm diameter) require specifications close to 
the limits of commercial superconducting technology. However, with recent developments likely 
to bring down the cost of operating superconducting magnets, they may see a renewed role in 
the future. 

Oak Ridge National Laboratory is operated by Martin Marietta Energy Systems, Inc., under 
Contract No. DE-AC05840R21400 with the United States Department of Energy. 
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Q(W.G.Williams): Use of supermirror guides for epithermal neutrons. Any possibilities? 
A(J.B.Hayter): It looks as if 40, may be a realistic goal for supermirrors, which means a guide divergence (full- 

width) of about 8”/nm. For a beam at, say, leV, this would restrict the divergence to less than l/4’. 
Q(R.Pynn): How long was your polarizer and was it a reflection or a transmission device? As a follow up 

question, do you need to use your band-pass ideas for the design of a transmission polarizes? 
A(J.B.Hayter): The polarizer was about 5cm long, with a beam cross-section of 35 x 60mm2. It was used in 

reflection. For transmission use, it is possible to use two simple supermirror stacks, one behind the other, 
each handling l/2 of the beam divergence. 
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ABSTRACT 
A multilayer monochromator using double reflection has 
been developed for cold neutron polarizing 'and small angle 
scattering e.xperiments. It utilizes a successive,double 
reflection by a pair of two identical multilayer mirrors 
arranged at a designed angle, which have a layer spacing 
distribution.of d + Ad. A number of the pairs are: 
assembled in a Soller type to cover the width of the 
neutron beam. The double reflection multilayer 
monochromator functions as a monochromator, polarizer, 
beam bender and collimator of the beam at the same time-. 

The performance test,s gives a promising characteristics of 
the double reflection monochromator. 

I. INT,RODUCTION 
Multilayer neutron mirror was first reported,by Schoenborn et 

al. for -monochromator and by Mesei for supermirror'l* z'. We have 
developed a various kind of devices for cold neutrons, using 
multilayer mirror during over ten years3'*-". In the devices are 
included supermirrors for guide tubes and experimental 
devicess)q_>,7), polarizers and analyzers for polarizing 
experiments'! and monochromators for cold; very cold and ultra 
cold neutr.on experimentsg'*lO)*ll'*l"'. 
We present a double reflection multilayer monochromator for a 

cold neutron polarizing experiment and a small angle scattering 
experiment. 

The device is something that two identical multilayer mirrors 
connected at a designed angle 2 8 are assembled in a Soller 
type as shown in Fig.1. The successive double Bragg reflection 



by the two mirrors determines the characteristics of- the 
device. The multilayer mirror is 
distribution d + nd. We present 
of it's principle and structure. 
given elsewhere3?.;83). 

a monochromator with a spacing 
here only a brief description 
More detailed discussions are 

II. PROPERTIES OF DOUBLE REFLECTION MONOCHROMATOR 
We consider Bragg reflection of neutron by a multilayer 

monochromator. Neutron wavelength r', satisfying Bragg condition 
is given by the following equation under the assumption of 
6 <<l and ae <<l, 

2(d-Ad)( 8 - ~6 ) < k ('2(d+ad)( 8' + A0 ) (1) 

where 8 is the neutron incident angle and a0 is the beam 
divergence angle. Expressing the permissible neutron wavelength 
as lLO 3~ A?.,. Then, -&, and ah are given by Eq. (2) neglecting 

Ad A@ 

? = 2d 8, Ail = 2(d A6 + 0 Ad) (2) 
Neutro; with longer wavelength are reflected at larger angle 
and neutrons with shorter wavelength are reflected at smaller 
angle. 

Fig. 1 Structure of a double reflection 
multilayer monochromator of a Soller type. 

Fig. 2 A neutron trajectory taking a 
successive double reflection by two 
identical multilayer mirrors connected 
at a designed angle. 
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Next, we consider characteristics of neutrons reflected 
successively doubly asshown in Fig;2. Two identical mirrors 
connected at a designed angle 2 13. Angle 8 and $8 correspond 
to the glancing angle and divergent angle of the incident 
neutron, respectively. Neutrons incident on the firstmirror at 
the angle of 8 t 68 are incident on the second mirror at 
e- 50. Neutron wavelength reflected by the first' and the,second 
mirror should satisfy the Eqs. (3) and (4) si,multaneously, 

2(d-Ad)( 0 + 58 ) < k J. 2(d+Ad)( 6 + 68 ) (3) 
2(d-Ad)( 8 - 68 ) < h < 2(d+Ad)( 0 - 56 ) (4) 

Denoting the allowable'wavelength region of neutrons reflected 
doubly as h,f Ah and it's permissible divergent angle as 

82 @, respectively, the resolutions of wavelength in FWHM. 
and the allowable divergent angle.are. given by Eqs. (5) and ,(6), 
respectivelyl"' 

Ajl / 2,s = Ad/d (5) 
ae = f. Ad 8 /d (6) 

These resolutions depend on only Ad and not A@,, different from 
the single reflection case. Equation (6) indicates the effect of 
beam collimation by the device. 

The properties of the neutron beam reflected successively 
doubly are summarized as the following. 
(1) the neutron wavelength : ?,, = 2d 8 
(2) the wavelength resolution in FWHM : Ad/d 
(3) the beam bent angle : 4 8 = 2 a,/d 
(4) the allowable divergent angle : A6 = + Ad 8 /d 
(5) the effective reduction of undesirable neutrons with low 

reflectivity. 
In order to shorten the device length of double reflection 

multilayer monochromator available for a wide neutron beam, 
pairs of multilayer mirrors connected at a designed angle should 
be assembled in a Soiler type as shown in Fig.1. In this case, 
two identical mirrors are deposited on both surfaces of a 
Si-substrate. 

Double reflection multilayer monochromators as bender enable a 
guide tube to install multiple spectrometers for cold neutrons. 
Larger bent angle could be realized by a multiple reflection 
more than twice at the small cost of neutron yield by using 
mirrors with high reflectivity. 

The above monochromator device would be useful for small angle 
scattering, polarizing experiments and various kinds of cold 
neutron experiments. 

III . PERFORMANCE TESTS OF DOUBLE REFLECTION MONOCHROMATOR 
Performance tests of a typical double reflection multilayer 

monochromator are made for cold neutron polarizing experiments. 
Arrangement for the tests are shown in-Fig.3. Parameters of the 
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double reflection multilayer monochromator are given in Table 1. 
It should be noted that the size of the device is very small 
(the total length is only 6.2 cm). The analyser mirror with 
Soller type made of Fe,oCo,O-V multilayer have 2d=360 A, 

od/d=0.9 and L=lO cm. 

Table 1 Design parameters of double -reflection monochromator with Fe50Co50-V 
multilayer. 

2d (A) d/d 0 (rad) 4 6 irad) U3 (rad) &(A) &I. / ;L, L (mm) D (mm) RI 1 y2 ; 

280 0.075 l/51.7 1;;12. 9 

1) : Reflectivity of mirror 
2) : Neutron yield at the peak by 

numerically! ’ ! . 

l/690 5.4 0.075 31 0.60 0.9 0.69 

double reflection multilayer monochromator estimated 

Double Reflection 

.’ ,I 
- 
I I f447v \I 

‘I I , I uB 

Fig. 3 Arrangement for the performance test of double reflection multilayer 
monochromator. 

The neutron yield, wavelength and resolution are evaluated 
from TOF data. The results for the single and double reflection 
are shown in Fig.4 for the incident beam with the divergence of 
+ l/400. The neutron yields are normalized by the direct 
spectrum. The results of the double reflection reproduce the 
properties listed in Table 1 except the neutron yield. The small 
reduction in the neutron yield may result from the under 
reflectivity (about 0.85) of the mirrors indicated by the 
single reflection data. 
Measured divergent angles by the double reflection and the 

single reflection are given in Fig.5 for the incident beam with 
the divergence of l/235. Comparison of the double reflection 
with the single reflection proves the characteristics of the 
double reflection multilayer monochromator as collimator for the 
incident beam as expected in Table 1. Bent angle is given easely 
from the center position of the beam profile. 
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Wavelength (1) 

Fig. 4 Neutron yield by TOF methods for single and double reflection. 
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Fig. 5 Spread of the output beam by the single and double reflection for 
the incident beam divergence of l/235. 
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Fig. 6 Beam profile of the reflection and transmission by the analyser mirror. 
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When analyser mirror is set, the beam is refi.&cted nearii' -’ 

perfectly (Fig.6). and the system gives the flipping ratio of 

about l/20 (Fig.7). 
A double reflection multilay_er monoch-rqma-to?, wi.th-magr!e.t$c 

multilayer functions as a monochromator, polarizer, beani bender 
and beam collimatdr.sitiu‘ltaneous.ly,. : 1: .’ 

- t 

For unpolarizing experiment, double reflection multilayer 

monochromators tJith 'N$_:.Ti qu.lt:ila-yer m.$rqors.,are adequqf;e. 
,’ 

IV CONCLUSION 
The double reflection multilayer monochromator with very small 

size functions as monochromator, polarizer (using mag~ne.tic. 

mirror), beam bender and collimator simultaneously. Multiple 
reflections mare than, twice ,woul’d be bring us larger b6n.t angle 
at. the co&t of tieutron int‘ensity,. T.he ‘dev.ice wouid‘,be .usefu-1 for 
small angle scattering, $olarizing experiments and v.arious k’igds 
of cold neutron’ experimekts.1 

.,. 
“- 
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Q(J.B.Hayter): I was interested to see that 9611 used time-of-flight at your:reactor to-ineasure reflectivity 
performance. Since we are at a pulsed source conference, I can admit that G.Williams, J.Penfold and I found 
time-of-flight the method of choice for our thin-film int~ero~etry workat ILL zany years ago. Working at a 
fixed angle offer significant advantages. 

A(T.Ebisawa): I like TOF method for a coritinuoussource, if we have neutros intensity enoigh for measuring. 
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1. INTRODUCTION 

For the efficient use of polarised neutrons on a pulsed source such as ISIS, a neutron 

POLARISING FILTER TESTS AT ISIS 

R Heapcal, P W Mitchell(a), J Mayer-s@) and A D Taylor@) 

ta) Schuster Laboratory, Manchester University, Manchester, Ml3 9PL 
@) ISIS Facility, Rutherford Appleton Laboratory, Oxfordshire, OX11 OQX 

polariser capable of polarisin 
time of flight techniques can % 

over a broad band of neutron energies is required, so that 
e used. For this reason monocromating polarisers such as 

Heusler crystals, which are used at reactor sources, are not suitable. Furthermore, 
although supermirrors do provide white beam polarisation, they are inefficient at energies 
greater than = 30 meV. In principle neutron polarising filters, based on preferential 
absorption of one of the two neutron spin states by aligned Sm149 nuclei, give a good 
performance at all neutron energies below 200 meV 1,2. However, in order for adequate 
nuclear alignment to be obtained, the filter must be maintained at -0.02K in a dilution 
refrigerator. Previous measurements2 have shown that heating of the filter is too great for 
efficient operation of the filter in a white beam on ISIS, given the limited cooling power of 
the currently available dilution refrigerator. 

The primary m-pose of the measurements presented here was to determine whether the 
filter is suita g le for polarking an incident beam which is monochromated by a Fermi 
chopper. It was anticipated that the large reduction of neutron intensity by the chopper 
would largely eliminate any beam heating problems. In section 2 we outline the princi le 
of neutron polarisation by Sm filters, in section 3 we describe the measurements an B in 
section 4 we discuss the interpretation of these measurements and their implications for 
future progress. 

2. PRINCIPLE OF FILTER OPERATION 

The nuclear absorption cross-section for the two neutron spin states is1 

uf = u( 1fp)PN (1) 

where o+ and o- are the abso tion cross-sections for the + and - spin states, p is a 
statistical s 

P 
in weighting factor p ip = 719 for Sm149) and PN is the nuclear polarisation. 

Thus the fi ter transmission for the two spin states is 

Tf = exp[-Nto(lfp)PN] (2) 

where Nt is the number of Sm149 atoms/unit area of filter. 

The polarising efficiency of the filter is defined as the beam polarisation of an initial 
unpolarised beam after it has passed through the filter. 

. P = (T+ - T-)/(T+ + T-) = -tanh(pPNu) (3) 

The fraction of incident neutrons transmitted by the filter is 

T = (T+ + T-)/2 = exp(-uNt)cosh(pPNoNt) (4) 



These equations are complicated by the presence of any depolarisation effects due to 
domain misalignment within ,the filter.- However previous measurements 1,2 have shown 
that these effects are small and they can be neglected. 

The filter operates efficiently within the region of energy where the Srnl49 absorption 
cross-section is the dominant source of neutron attenuation. For Sm149 the 96 meV 
resonance absorption peak rovides a sufficiently large cross-section for incident neutron 
energies between 0 and 20 meV 1 . 

3. MEASUREMENTS 

The preparation and characterisation of the filter has been described ‘in a previous 
repor@. A schematic diagram of the experimental apparatus is shown in figure 1. The 
choppper was phased to give an incident energy of 8&l meV In -figure 2 we show a 
superposition of spectra from the four detectors Indicated in figure 1 in the absence of the 
filter. In figure 3 is shown the transmission of the filter as a function of time, after the 
circulation was started on the dilution refrigerator. As the filter cooled, the transmission 
of the filter increased according to equation 4. The’ratio of the transmission with the filter 
cold to that ‘warm’ (ie > 1K where PN = 0) is 

R = cosh(pPNoNt) (5) 

It can be seen from figure 3 that R 
pPNoNt = 

= 0.0062/0.0024 = 2.6, so that from equation (5), 
1.6. The value of oNt can be obtained from the ‘warm’ transmission; oNt = 

-ln(0.0024) = 6.03. Thus using p=7/9, we obtain PN = 0.34. The observed nuclear 
polarisation is given by the 
the average alignment of t K 

roduct of the nuclear polarisation within a single domain and 
e domains within the sample. Previous measurements have 

shown that the latter quantity is ~0.9, so that the nuclear polarisation within a single 
domain is 9 0.34jO.9 = 0.38. From this value for the nuclear polarisation the temperature 
of the filter can be determined from the Brillo’uin function, given the known hyperfine 
interaction between the Sm nuclei and the Sm f electrons- 3. 

A nuclear polarisation of 0.38 corresponds to a filter temperature of -0.07K. 

We note that the neglect of depolarisation effects within the filter leads to a worst case 
estimate for the filter temperature. If depolarisation is taken into account the calculated 
operating temperature is reduced. However the estimate of 0.07K should be accurate to 
within 10%. I 

A measurement of R at 88 meV with the chopper removed from the beam gave a value of 
R N 1.2, which corresponds to a temperature of 0.2K. Thus since the cooling power of an 
ideal dilution refrigerator 4 is proportional to T2, it follows that the presence of the 
chopper reduced the beam heating by a factor (0.2/O/07)2 N 8. 

Previous white beam measurements2 on the filter in a beam current of $A (compared 
with. lOOpA during the measurements reported here) gave a transmission ratio of 10, 
which corresponds to a temperature of 0.03K. Assuming, as previously mentioned, that 
the cooling 
of (0.210.03 ‘; 

ower of the refrigerator is proportional to T2, the heating was less by a factor 
2350 at ~J.LA than at 100~.~A. The discrepancy of a factor 2 between’ this 

estimate of the beam heating and the,reduction expected from the reduced beam current 
gives an indication of the accuracy of the estimation of beam heating. 

4. DISCUSSION 

The reduction of beam heating by a. factor of only -8 in the presence of the chopper 
suggests that significant beam heating is produced by high energy neutrons and also 
possibly by the t = 0 gamma ray flash from the incident beam. The measurements suggest 
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that in order to reduce the filter operating temperature to below O.O2K, we require a 
further reduction in beam heating by a factor -10. In figure 4 we show the neutron 
transmission of the Fermi chopper as a function of time of flight. Many more neutrons are 
transmitted at short times, where the incident neutron intensity is high, than in the chopper 
pulse. 

The high energy neutrons and they flash can be eliminated b 
chop f er, such as those used on HET and MAR1 to reduce ast neutron background. This r the installation of a Nimonic 

shou d result in a further reduction in beam heating and allow for efficient operation of the 
polarising filter. 
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Q(J.B.Hayter): What is the cost of a polarizing filter with current technology? 
A(W.G.Williams): The best high power dilution refrigerators cost about f 120K. 
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ABSTRACT 

Following the pioneering work on multilayers for neutron mirrors and polarisers performed 

at ILL, there has been a recent upsurge in the efforts to produce high quality mirrors on 

a large scale. Modern analytical techniques allow the detailed structure of thin metallic 

films and their interfaces to be investigated and related to the deposition parameters. By 
combining such studies with neutron reflection measurements, it is possible to determine the 

effect of structural properties and defects on the neutron reflectivity and thus eventually 
refine the deposition technique and parameters. Results will be presented on multilayers 
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produced by various methods and studied by neutron spectroscopy, Auger depth profiling, 
and transmission electron microscopy. 

I. INTRODUCTION 

Neutron guide tubes provide an efficient transport of neutrons to a wide variety of in- 
struments in areas with low backgrounds. l Up to now most of the guides have been coated 
with natural Ni (Ref. 2) having a critical angle of reflection 0,/X 7 1.7 mrad/A (6 mm/A). 
Recently 58Ni has replaced natural Ni as a guide coating 3 with the advantage that the crit- 
ical angle is increased by a factor m = 1.2 resulting in flux gains up to m2 (Ref. 4). More 
recent progress in this area suggests that it may become possible to produce supermirrors 
with an excellent reflectivity (R > 0.98) and with even larger 8,, namely m 2 1.5. Guides 
coated with such supermirrors, in addition to the overall flux gains that may be achieved, 
allow increased transmission at short wavelengths, suggesting the feasibility of their use in 
normal beam tubes. 

These properties are particularly important at a continuous spallation source like SINQ at 
PSI, where the production of high energy neutrons necessitates rather bulky target shielding. 
Supermirror coated guides and beam tubes may efficiently transmit even short wavelength 
neutrons over the large distances required. More, effective use of the available neutrons at 
the instruments may be achieved by the use of additional optical elements such as polarizers, 
focussing devices, monochromators, band pass filters etc., which also depend on the devel- 
opment of artificial multilayers. For this reason we have an ongoing project to study the 
production and the properties of thin films for neutron optics. 

The results we present here review some aspects of our work on Ni/Ti multilayers pro- 
duced by various deposition techniques and characterised using a number of analytical tech- 
niques such as neutron reflection, transmission electron microscopy (TEM), and Auger depth 
profiling. 

II. EXPERIMENTAL 

Our investigations have been based on the study of Ni/Ti multilayers of constant bilayer 
spacing (usually between 100 and 140 A) deposited onto polished silicon wafers with the aim 
of determining the effect of the deposition parameters on the structure and reflectivity of the 
multilayer stack. Some characteristics of the deposition techniques that we have used may 
be summarised as follows: 

Evaporation: The target is heated in a high vacuum chamber (lo-’ < p; < 10e6 mbar) 
to produce a vapour pressure of the order of low2 mbar. The evaporated particles have 
thermal energies (0.05 to 0.5 eV) and follow an almost collisionless path to the substrate. 
Due to the very non linear dependence between vapour pressure (hence deposition rate), and 
temperature the process is difficult to control and thickness monitors must be used. Moreover 
the rather low energies of the incident particles at the growing film leads to underdense 
structures usually under tensile stress. 

Magnetron sputtering: In this case the atoms are sputtered from the surface of a target 
due to bombardment by energetic inert gas ions produced in a glow discharge plasma which 
is confined to the target surface by a magnetic field. The sputtered atoms are ejected with 
considerable kinetic energy, 50 - 100 times higher than in vacuum evaporation, with an average 
energy of the order of 10 - 40 eV. Additionally, reflected working gas atoms, which have been 
neutralised at the target by emitted electrons, may reach the substrate with a considerable 
fraction of their initial energy so that the growing film may be significantly modified by the 
bombardment by energetic particles. The final energies of both the sputtered species and the 
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reflected working gas atoms at the substrate will depend on the product of the working gas 
pressure (usually in the range 1 - 5 mbars) and the distance from target to substrate SO that 
these parameters may be used to control f&n growth properties. 

Ion Beam Sputtering: The glow discharge sputtering described above is limited in the 
sense that target current density and the particle energy cannot be independently controlled 
except by varying the working gas pressure. Ion beam sputtering permits independent control 
over the energy and current density of the bombarding ions. The sputtering target is arranged 
to obliquely intercept an ion beam of given energy and flux density that is created by an 
independent ion source. Ion beam sources permit sputtered coatings to be deposited at 
very low working gas pressures (Z 0.1 mbar) onto substrates which are not in contact with 
the plasma so that uncontrolled particle bombardment and therfore heating rates may be 
minimised. In addition secondary ion sources may be used (Ion beam assist) to provide 
direct, controlled bombardment of the growing film during deposition in order to modify its 
properties. 

The reflection profiles of the samples were measured on neutron reflectometers installed 
at the pulsed spallation source ISIS and at the Orphee reactor in Saclay. Such instruments 
have the particular advantage of using fixed sample geometry and therefore constant illumi- 
nation, the profile being determined by a wavelength scan. Additional measurements of the 
reflectivity of the Bragg peak have been performed on the S3 double axis spectrometer at the 
Institut Laue Langevin’ using a fixed wavelength X = 7.2 A. In this case special precautions 
were taken to confirm that the illumination remained constant by using extra large samples. 

In the present work we have characterized the samples using TEM results obtained on 
a Philips EM430ST microscope which provides a point resolution better than 0.2 nm. The 
cross-section sample preparation was carried out by ion-milling at liquid-nitrogen temperature 
ensuring minimal damage to the layer structure. ’ Both dark field and bright field images 
were obtained in addition to electron diffraction patterns, yielding detailed information on 
the crystalline structure and morphology of the layers. 

The Auger depth profile was performed at EMPA. A Perkin Elmer PHI-4300 high reso- 
lution scanning Auger system was used. The analysis was performed on a 5 x 15 ,um2 area, 
at a primary electron beam voltage of 5.0 kV and at a beam current of 500 nA. The CMA 
(Cylinder Mirror Analyzser) was operated at 0.6% resolution. Profiling was done by sputter- 
ing for 15 s inbetween Auger spectra by Ar-sputtering at 4.5 kV over a 5 x 5 mm2 rectangular 
area. The sputter rate was calibrated to 8 nm/min on a SiO2 standard reference. The base 
pressure in the analysis chamber was 5. lo-” mbar. The depth resolution of 20 A could not 
be reached due to ion-mixing caused by the Ar-sputtering while depth profiling. By the same 
reason some of the Ti and Ni was driven into the Si substrate during Auger depth profiling 
(Knock-on effect). For details see Ref. 6. 

III. RESULTS 

We have made Ni/Ti multilayers using all the deposition methods mentioned in the pre- 
vious paragraph and have- analyzed their structure and reflectivity. As a first comparative 
step the Bragg peak reflectivities of various specimens were measured using the S3 spectrom- 
eter at the ILL. We show the results of these measurements in Table 1. and compare them 
with theoretical estimates based on the measured bilayer thickness. Also listed in the tables 
are the main deposition parameters used for each sample. 

The comparison between the experimental and theoretical reflectivities clearly shows 
that the evaporated samples were inferior to the sputtered ones. The Bragg peak of sample 
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El has large wings, indicating that the layer thicknesses di (i = Ni, Ti) are not uniform 
a result confirmed by TEM ( see later). Moreover, di depends even on the position of the 
samples inside the apparatus therefore the evaporation process is not homogenous. 

The high rate sputtered samples have generally a significantly better reflectivity than the 
low rate sputtered samples. Decreasing the pressure during sputtering at high rate increases 
the reflectivity of the multilayers, whereas etching turns out to be a less important parameter. 
The reflectivity of the ion beam sputtered samples is rather low. Neutron reflectometer and 
TEM results show that this is primarily due to poor thicknesscontrol during deposition. 

Table 1: Characteristic properties of the evaporated and sputtered samples. pi is the pres- 
sure, u the deposition rate, R is the measured reflectivity, and Rth is the calculated reflectivity, 
based on the measured bilayer thickness 20. 

Evaporation (20 bilayers Ni/Ti 50 A) 

sample etch pi (mb=) 2, (A/s) \ D (4 R cm Rth (%) 

El no r? 1o-5 10 51.2 40 82 

Low rate sputtering (20 bilayers Ni/Ti 50 A) 

ML1 no 4 * 10-s Ni 1.42, Ti 3.3 51.1 67 82 
ML2 no 4 * 1o-3 Ni 1.42, Ti 3.3 52.5 63 85 

High rate sputtering (15 bilayers Ni/Ti 50 A) 

MHl 
MH2 

MH3 
MH4 

MH5 
MH6 

yes 6 - 1O-3 17.5 46 46 53 
yes 6. 1O-3 17.5 46 41 53 

Yes 3 * 1o-3 18.7 48.5 60 60 

yes 3 * 1o-3 18.7 48 57 59 

no 3 * 1o-3 18.7 49 57 61.5 
no 3 * 10-3 18.7 48 56 59 

Ion beam sputtering (15 bilayers Ni/Ti 50 A) 

sample ion ass. pi (mbar) v( A/s) D (A) R (So) &it (so) 

11 no 1.5 ’ lo-* Ni 1.8, Ti 1.4 53 44 71 
12 no 1.5 ..10D4 Ni 1.8, Ti 1.4 51 43 67 
13 Yes 1.5 * 10-4 Ni 0.95, Ti 0.72 56 49 77 
I4 Yes 1.5 * 1o-4 Ni 0.95, Ti 0.72 55 51 75 

Ion beam parameters: sputtering 
assist 

150 mA 
75 mA 

1000 eV 
250 eV 

In order to understand the origin of the widely differing reflectivities of our samples we 
have studied the structure of the layers by means of high resolution TEM. The results for 
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the evaporated samples show that only the first few layers are of good quality. The following 
layers become increasingly wavy due to the growth of large crystal grains within the layers, 
and even island formation starts. This explains the low reflectivity of the evaporated samples. 
Similar TEM observations have been made on the low rate sputtered samples: The Ni and Ti 

layers are crystalline with a preferred orientation in the [.lll] direction and the [002] direction, 
respectively. The build up of roughness caused by large crystallites eventually leads to the 
breakdown of the regular layer structure. 

The TEM results on the high rate magnetron sputtered samples are particularly interest- 
ing. Fig. la shows as an example the excellent morphology of the layers of a sample that was 
made under low pressure conditions. A close inspection of the TEM-pictures shows that the 
Ni layers are crystalline with a preferred orientation [ill] as before. The Ti layers, however 
are crystalline for high pressure conditions and amorphous for low pressure conditions. This 
observation correlates with the neutron reflectivities, namely the amorphous Ti layers seem 
to smooth out irregularities in the layer stack and yield samples with a higher reflectivity. 

Fig. 1. al TEM photograph of the high rate sputtered multilayer MF5. The bright layers 

are composed of amorphous Ti (E 55 A), the dark layers (CY 44 A) are composed of small 

grained Ni crystals. b) TEMphotograph of an ion beam sputtered sample (15 bilayers Ni/Ti, 

diE50A) h’h w IC was concurrently bombarded by a second ion beam. Note the well defined 

in t edaces. 

In Fig. lb we show a TEM for an ion beam sputtered sample. The appearance of 
the layers is impressive. Again the Ni layers are crystalline ([ll l] in the layer) and the Ti 
layers are mostly amorphous with some evidence of crystallinity in the center. The samples 
deposited with ion beam assist seem to have Ti layers that are completely amorphous and 
the Ni layers have a reduced grain size. However, because of the poor thickness control it is 
not possible to judge unambiguously the effects on the reflectivity. 

In addition we also studied the atomic composition of the high rate sputtered multilayers 
by means of Auger depth profiling. In Fig. 2 we show a typical scan. The resolution of the 

, instrument is only approximately 50 A due to ion mixing during Ar sputtering. The dominant 
substances are clearly Ni and Ti, namely cNi N 54 at.% and cTi N 42 at.%. These numbers 
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correlate nicely with the fitted thicknesses from the reflectivity measurements to be discussed 
below, namely dNi = 54.8 f 0.2 A and d*i = 44.2 f 0.1 A. Since Argon gas was used for 
sputter etching, its concentration could not be directly determined, however an upper limit of 
the analysis yields c,+ < ,2.2 at.%. Furthermore, concentration limits for carbon and nitrogen 
impurities can be given from ESCA spectra: CC < 1.3 at .%, and CN < 0.4 at .%. 

An interesting behaviour is observed for the concentration of oxygen. .The mean concen- 
tration is co N 2.4 at.%. It shows a periodic oscillation in time (depth), similar as Ni and 
Ti. A closer inspection of Fig. 2 shows that the oxygen content. rises at the. beginning of the 
Ti layers. Obv?ously, Ti acts as a getter material and absorbes 02 from the environment, 
in contrast to NL This observation is particularly interesting because this effect offers the 
possibility to create a diffusion barrier TiOn between the Ni and Ti layers by controlled im- 
plementation of 02. ’ Indeed, reflectivity and TEM measurements indicate that the interface 
of Ti on Ni (10 A) is sharper than the interface of Ni on Ti (14 A). 
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Fig. 2. Auger depth profile of a high rate sputtered sample containing 15 bilayers Ni/Ti. 
The signals, for iVi and Ti are exactly out of phase, whereas the 02 signal appears only at the 
beginning of each Ti layer. 

Finally we investigated in a preliminary study the temperature dependence of some high 
rate sputtered samples. In Fig. 3 we show typical reflection profiles measured at temperatures 
of 30” and 149°C and an angle of incidence 6 = 1.05”. The peak at 3.57 A is the principal 
Bragg peak corresponding to a d-spacing of 99;O A of the multilayer. The solid line is a fit 
to the data taking into account only the data points between 3 A and 11 A. The data at 
longer wavelength is possibly strongly influenced by the detailed structure of the substrate 
interface what we have so far been unable to model satisfactorily. The fitting function is 
based on conventional optic$, including refraction and diffraction!. The fitted parameters are 
a normalisation constant for the neutron intensity, the angular-resolution of the instrument 60 
and the thicknesses di, i = Ni, Ti (4 parameters). For-the scattering densities 9; we used the 
bulk values-of Ni (9.4 - 10 -’ Aa2) a&l Ti (-1.95 * 10e6 Am2). Fitting gi did not significantly 
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improve the fits because gi and di are strongly correlated. The fits yielded dNi .= 54.8 f 0.2 A 
and dTi = 44.2 f 0.1 A. The agreement between the fits and the data is excellent within the 
restricted range of X. An increased angular resolution 68 which varies between 0.045O and 
0.072’ for various high rate sputtered samples may be attributed to bending of the samples. 
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Fig. 3. Measured reffectivities of the high rate sputtered multilayer MF5, containing 15 
b;layers of Ni/Ti (50 A), versus wavelength. The angle of incidence is 8 = 1.02”. The solid 

line is a fit to the 149°C data, using data within the rauge 3 < X < 11 A. 

The reflectivity increases slightly when the samples were heated from room temperature 
to 149 C. The fits indicate that the d-spacings decreased by roughly 0.5 % and SB decreased. 
The former effect is equivalent to an increase of the density of the multilayer stack whereas 
the latter effect may be related to a reduced bending of the Si wavers. We have initiated 
further measurements to address the dependence of a heat treatment on the layer properties 
in more detail by means of both neutron reflection and TEM with micro-analysis. 

IV. DISCUSSION 

In the previous sections we have demonstrated that the morphology and the reflectivity of 
the artificial multilayers depend strongly on the physical conditions near the substrate during 
the deposit ion process. Let us summarize the previous results as follows. All samples with 
amorphous Ti layers and small Ni grain sizes show a nominally better reflectivity. Large grains 
favour buckling of the layers and island formation. We speculate that the ideal multilayer 
would consist of amorphous layers only. The amorphicity of Ti is linked to the energy of the 
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incident sputtered atoms, the energy of the reflected neutral working gas atoms, and the .rate 
at which the sputtered species arrive at the growing film; 

i High rate sputtering favours small grain sizes possibly because the crystallites -do ‘not 
find time to grow under the intense bombardment of the energetic sputtered particles. Ion 
beam sputtering, on the other hand, yields well defined layers, although the growth process is 
slow. However, because the pressure is very low, pi = 1.5 - 10m4 mbar, the sputtered particles 
have a higher energy (although a lower flux) and reduce the grain size. This effect can be 
independently enhanced by means of ion assisted sputtering. We conclude that high rate, low 
pressure, and high energy of the sputtered particles favour the growth of high quality Ni/Ti 
multilayers. 

Presumably the ion beam technique is the most promising for future multilayer pro- 
duction due to its flexibility in optimizing independently the various deposition conditions. 
However, systems which are capable of coating the large surface areas necessary for a neutron 
guide system, exist only as prototypes and may require some years of development before full 
optimization is achieved. 

Rather, based on the surface area required for the SINQ quide system, taking into 
account the planned commissioning schedule and following the philosophy of acquiring only 
fully tested equipment we have opted to buy a commercially available magnetron sputtering 
system, which is due for delivery in Spring 1991. The machine comprises a load lock module 
and a deposition chamber in which the substrates are translated below three high power 
DC magnetron targets to produce coatings with a design uniformity of 3% over an area of 
500 x 360 mn?. 

On our present schedule we will benefit from approximately 15 months of time to optimize 
the deposition characteristics before guide production must begin. Besides we will proceed 
with various other lines of investigations such as smoothing layers, alternative high contrast 
materials, substrate effects and of course long term stability with respect to thermal and 
radiation cycling. 

OBITUARY 

During the preparation of this manuscript we (ISA and PB) were deeply saddened to hear 
of the untimely decease of our colleague John Herdman, following an intermittent period of 
illness. We are greatly indebted to him for his very thorough work on describing the neutron 
reflection profiles from which we learned a great deal. We wish to express our sincere respect 
for him as a scientist and colleague. 
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Q(T_Ebisawa): In the case of evaporation technique, vacuum pressure control is important. How many pressure do 
you have. The pressure used is the optimum condition? 

A(P.Boni): The pressure pi in the deposition chamber was chosen in between 10-S - 10V6mbar. pi may not have 
been at the optimum value. 
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ABSTRACT 
With the paid of the Monte-Carlo method the transmission 
of a super-mirror coated double-trumpet beam compressor 
and its intensity distribution over the beam cross-sec- 
tion are studied numerically. The purpose of these cal- 
culations is the optimization of the geometrical dimen- 
sions of the neutron guide section before t.he sample,in 
order to obtain maximum neutron flux at the sample po- 
sition. The transmission and the optimized parameter 
values are found to be wavelength-dependent. As a con- 
sequence we propose a variable compressor geometry. 

I. INTRODUCTION 

In a contribution to the ICANS-X conference, concerning neutron 
beam compressors for pulse widthreduction in a time-of-flight 
spectrometer, the use of a “double-trumpet” neutron guide arrange- 
ment was proposed as’a usef.ul component relevant for intensity and 
resolution optimization /l/. Such a “bottleneck” arrangement is a 
sequence of neutron guide sections, consisting of a conventional 
straight guide (with parallel walls) followed by a converging guide 
section (CGS) just before the last chopper of the spectrometer and 
a diverging guide section (DGS) just after this chopper. The latter 
two sections are supermirror (SM) coated, in order to compensate 
for the inclination of the double-trumpet side-walls. 
The total transmission T of the double-trumpet CDT) is defined by 
the number of neutrons transmitted through its exit, divided by the 
number of neutrons entering into the DT. Even more important than T 
for practical purposes is the transmission T t.hrough a hypotheti- 
cal window with dimensions corresponding to The sample size, loca- 
ted in a plane perpendicular to the incident neutron beam at the 
sample position. Both quantities depend on a number of parameters, 
such as mechanical dimensions of the double-trumpet, reflectivities, 
critical angle yc of the conventional guide section, maximum re- 
flection angle g 
1. The quantity f” 

of the SM coated sections and neutron wavelength 
refers to a position in the neutron beam located 

after the double-trumpet exit at some finite distance from the lat- 
ter. Therefore in addition to transmission it is also a measure of 
the DT’s focusing properties and depends on the window (i.e.sample) 
size. The optimization of the double-trumpet leads to a certain 
choice of mechanical dimensions. This is necessarily a compromise, 
since beyond intensity and resolution considerations a number of 
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boundary conditions imposed by space and budget limitations have to 
be taken into account. 
In the present paper we report on Monte-Carlo calculations of the 
transmission and focusing properties of double-trumpets. They were 
carried out, in order to optimize this component as a neutron beam 
compressor to be used in the multi-chopper time-of-flight spectro- 
meter "NEAT" at the Hahn-Meitner-Institut in Berlin. The calcula- 
tions are limited to the horizontal plane, since only a horizontal 
but no vertical beam compression is intended. 

II. COMPARISON of CGS and DT Transmissions 

An analytical result for the flux gain at the exit of a SM coated 
CGS, following a straight guide ( see schematic drawing of Fig. la) 
was given by another author /2/. For our purpose this result is 
most conveniently discussed in terms of the total transmission T of 
the CGS, since we wish to obtain information on the intensity loss 
due to the use of this type of bottleneck in the neutron beam. Let 
us define the real-space reduction factor 0 = B/b (see Fig. la> 
and the divergence quotient m 
reflection angle 1IL,c. 

= #cr/rc_ iratio of the SM limiting 
to the straight guide critical reflection ang- 

le 8 ).The transmission curve as a function of the neutron wave- 
1engEh - according to ref. /2/ - displays oscillations which are 
periodic for Cl = m. Our Monte-Carlo calculations of the total 
transmission T of a CGS confirm this result: This is shown in Fig.2 
where the open circles indicate calculated values; the full line is 
drawn to guide the eye. Here the realistic values 13 = m = 2 have 
been chosen. In order to make the results more transparent, the re- 
flectivities have been set equal to 1 for reflection angles &E pc 
in the straight guide and for 44~ in the CGS. Under these cir- 
cumstances the transmission of the &&S shows periodic oscillations 
with maxima equal to 1 (i.e. all neutrons are transmitted) for va- 
lues of k = y/PC = 1,1/3,1/5,1/7,etc., where y is the CGS inclina- 
tion angle (see Fig. la). This angle was chosen equal to p (at A= 
‘21) for the natural isotope mixture of Ni in this particulsr calcu- 
lation. As a consequence the transmission maxima are obtained at 
wavelength values of A= 2(2N-l)A, N = 1,2,3,... .The maxima are 
necessarily separated by dips in T, but T is nowhere smaller than 
0.92, except for Ad 2A. There, due to the particular choice of the 
inclination angle )o, the contribution to T of neutrons reflected 
within the CGS rapidly vanishes, so that T approaches its limiting 
value, which is 0.5 at 3\= 0. 
Although this result is encouraging, the simple CGS arrangement is 
not the best choice of a beam compressor for the present purpose. 
It has been suggested, that a CGS-DGS double-trumpet arrangement 
should be used instead because of its better focusing properties. 
This type of beam compressor has the same total transmission as the 
CGS alone, whether the DGS is truncated (Fig. lc) or fully symmetri- 
cal (Fig. Id), if both guide sections have the same inclination 
angle and the reflectivities are equal to 1 /l/. Therefore the cal- 
culated T values of Fig. 2 (circles) are valid for all four cases 
(a to d) of Fig. 1. This is quite evident. What we really are inter- 
ested in, however, is the transmission through a window ( represen- 
ting the sample) at a certain distance from the exit of the neutron 
beam compressor. This is where the advantageous focusing properties 
of a double-trumpet become important. Infact the four cases of Fig. 
1 are quite different from each-other in this respect. The Monte- 
Carlo calculation of Ts, carried out for a guide width of 28 = 30mm 
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d 

CGS DGS S 

Fig. 1 
Neutron beam compressor arrangements (shown schematically) in the 
neighbourhood of the chopper (chopper location indicated by C), 
following a straight neutron guide (G): G is followed by an ".anti- 
trumpet" type converging guide section (CGS) of length L1, width 
28 at its entrance, width 2b at its exit. 
a) sample S is placed at distance L from CGS exit. 
b) sample at distance (L;+L) from CGS 'exit. 
c) a "trumpet" type diverging guide section (DGS) of length L; is 

added af,ter the CGS,thus forming an asymmetric double-trumpet; 
sample is at same location as in b)ci.e.at distance L from exit. 

d) symmetric double-trumpet arrangement, S at distance L from exit. 
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Neutron beam compressor transmissions from Monte-Carlo calculations 
as a function of the neutron wavelength X for the four different 
arrangements, a to d, of Fig. 1. Circles: total transmission (same 
for all four arrangements). Crosses (+>: transmission through a 
window (width w = 50mm) at the sample location. Also shown is the 
calculated “focal” beam width (BW) at the sample position for case 
a>; lines are drawn to guide the eye. Total reflection and super- 
mirror reflectivities have been set equal to 1. Parameter values: 
L1=L2=2143, L;=550, L=615, 28=30, 2b=15 (units: mm). The parallel- 
walled neutron guide is coated with the natural Ni isotope mixture 
(critical angle of total reflection 8 >, the CGS-DGS element is su- 
permirror coated (cut-off reflection zngle rcc = 2rc). 

922 



and. a sample width of w = 50mm, ‘confirms this. It shows that the 
symmetrical double-t,rumpet clearly has the best foe.using proper- 
ties: T only starts to deviate slightly frpm the total transmis- 
sion cu$ve above AN 91; but even at 3r = 16A the loss in transmis- 
sion is only about 7% (Fig.2, curve d; crosses indicate calculated 
values, dashed lines are drawn to guide the eye). If the DGS is 
truncated, T decreases somewhat faster with increasing 3\. But even 
for an appregiable truncation, e.g. reducing the DGS to about 25L 
of its original length, the loss in transmission does not rise to 
more than about 17% at 3 = 16A (Fig.2, curve c). This is certainly 
much better than the case, where the DGS is completely omitted, 
while the sample is kept at the same position. In thig case T 
starts to deviate from T appreciably already at %rV 68 and desrea- 
ses very rapidly with increasing wavelength (Fig.2, curve b). In 
summary the curves of Fig. 2 suggest, that the distance from the 
guide exit to the sample roughly determines the A- limit where Ts 
starts to deviate from T, while the slope of the decrea.sing Ts 
curve is governed by the length. of the DGS. 
At this point we should like to mention, that the final geometrical d 
parameter values (lengths, widths, angles) which we have actually 
chosen for the construction of the double-trumpet to be used in the 
spectrometer NEAT, were not only influenced by the results of the 
Monte-Carlo calculations but to a large extent also by instrument 
“boundary conditions”. These final values are very close to the 
following numbers used in the calculations which resulted in curve 
c of Fig.;2 : 

Ll = 2143mm; length of CGS. 

L2’ 
= 550mm; maximum possible DGS length (it ha.s to end before 

the wall of the sample chamber). 
L = 615mm; remaining distance to the sample position. 
L2‘+ L = 1165mm; distance from the CGS exit (location of the chop- 

per) to the sample. 
It should be noted, that the cases.a) and d) of Fig.1 (correspon- 
ding to curves a) and d) of Fi.g.2) can not be realized,in the spec- 
trometer NEAT bec‘ause of the boundary conditions (due to resolution 
considerations and space requirements) which essentially determine 
the distance from the CGS exit to the sample. The curves a) and d) 
were merely calculated for the purpose of comparison. 
Another result is seen in Fig.2. As an example.the numbers calcula- 
ted for case a) of Fig.1 were used here. This concerns the reason 
for the decrease of the transmission T 
ses beyond Jd 9x. This is elucidated 8; 

as the.wavelength increa- 
the.calculation o-f the 

width of the “illuminated” surface on the plane perpendicular to 
the neutron beam at the sample position. This widthostarts to be 
larger than the selected sample “window” near Aw 9A (curve BW in 
Fig.2). 

III. DEPENDENCE of the Transmissions on the Length of the CGS and 
on the Reflectivities 

While the instrument boundary conditions are rather stringent re- 
garding the choice of the values of 8, b, L and L’ the range of 
possible values of the length L of the CGS is fai?;y large in the 
case of NEAT. Therefore the trahsmissions of a double-trumpet were 
studied numerically as a function of,L . In these calculations all 
other parameters, including the reflec lvities and guide coatings 1. 
were the same as in the case of curve c in Fig.2 (see Section II). 
The results are shown in Fig.3a, b,and c for Ll = 4286mm, 2143mm 
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the sample position (triangles) for three double-trumpet arrange- 
ments differring in the length Ll of the CGS: a) L = 4286mm, 
b) L 
in t F, 

= 2143mm, c> Ll = 1071.5mm. All other parame ers are the same t 
e three cases: 

w = 50mm; 
L'2= 550mm, L = 615mm, 20 = 30mm, 2b = 15mm, 

reflectivities and guide coatings are the same as in 
Fig.2. 
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Fig. 3 

and 1071.5mm, respectively. The values of T are indicated by circ- 
les, those of T by triangles. The following observations are made: 
i) the period 07 oscillation of T as a function of the neutron 
wavelength A is inversely- proportional to the length Ll of the CGS. 
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The transmission maxima, are obtained at wavelength values of 3\ = 
(2N-111, 2(2N-l),51 and. ‘4(2N-1“)8, ,,in Fig.3a, b and c, rosbectively. 
This is, -because the CGS (and FGS) inclination”angles y were chosen 
such, that p = K(at A = 18, 2A and 4i,!respective'l.y).. 
ii> the amplitude of the osciJlati6n incr.ease*s with decreasing Ll. 
iii) the A-limit, where ;T, starts to, cteviatb’ fr,om T,:- decreases 
with L 
iv) thk’transmiss’ion- “gap” 
creases. .- ‘_ 

at’low wavelengths increases, as L 1 de- 

All these features .would favour a maximization’of the len’gth L . 
conclusion can however only be drawn, when the idealvreflectivity 

A 

values (so far set equal to 1) are replaced by realistic ones. 
Therefore the next step in this study was a calculation of the 
transmissions for various combinations of reflectivity values in 
the straight neutronguide and in the SM coated double-trumpet. The 
following assumptions concerning the reflectivities were made in 
these calculations: Firstly, the reflectivity in the total reflec- 
tion region (RTR) was assumed to be constant in the whole region. 
Secondly, .in the supermirror region, f e&d the reflectivity 
was assumed to be linearly decreasing ‘towards gCAinimum value at 

6” 

@ the “reflectivity at maximum angle” (RMA). Finally, for d>ycc 
tfig’reflectivity was set equal to zero. 
In Fig.4 we compare as an example the calculated,total transmission 
values (curve a) for a double-trumpet with the same specifications 
as used in Fig.3a (L = 4286mm, L’ = 550mm, 28 = 30mm’, 2b q 15mm, 
RTR = 1, RMA = 1) tolthree curves gorresponding to different combi- 
nations of the RTR and the RMA. In the case of the curves b and d 
a realistic value of 0.98 was chosen for the RTR, whereas for the 
curve-c this was set equal to 1. The RMA was set equa-1 to 0.98 in 
the case of curve b, whereas for the curves c and d somewhat pessi- 
mistic values (0.75 and 0.735, respectively) were used. As expected 
the total transmission decreases with increasing wavelength, when 
the reflec.tivities are smaller than-l. This is due to- the fact, 
that the number of reflectionsincreases with 3\. In addition it is 
observed, th.a.t the oscillations of T with 3\ appear to be damped in 
the cases, where the RMA is appreciably smaller than 1 (curves c 
and d). 
We wish to conclude this discussion by comparing the transmissions, 
T and T of the double-trumpet tiith those of a “normal” parallel- 
walled WLutron .gui,de. So far in all our calculations ‘a natura’l Ni 
isotope mixture coat’ing was assumed for t.he p,ar-allel guide s’ection. 
For the ,SM coated DT-part ‘of th.e arrangement 8.’ = 2k’(Ni-nat. > wa.s 
use.d. In the act.ual ‘case of the N’E.AT spect.romefgr .it. Gas’ however 
dec.id.ed; that neutrons will- be sup.plied by a.-parallel-walle-d guide 
coated with the isotope .Ni-58, which-has e .p-valu-e larger by .20% 
than that of Ni-nat. The CGS-DGS sections will be coated such, that 

the &c -value is the same as men.tione.d abo-ve (i.e. twice the. PC- 
value of Ni-nat. >. Thus PC > rc;L2 and the diverge‘nce quotient m is 
then smaller than 2. As a consequence the transm.issions T’-and T 
are expected to be generally somewhat lower, than.they, would beSfor 
m = 2, if otherwise identical parameter values are used. In Fig.5 
we show the T (open circles) and T (full circles) values calcula- 
ted under such conditions for a doable-trumpet with L = 2143mm and 

L ’ = 5.50mm. ‘The va:lues of B;b,w and L:,are the same as’the ,onesused 
fog the calculations of Fig..2. Real-istic numbers- w.ere chosen for 
the refl,ectivities: R,TR:.= 0.98, and- RNA '= 0..833.' Far ?omparisbn T 
and T' were also calculated- for a straight parallel-walled guide of 
the ssrn-e -total length (L1+L‘12= 2693mm) and with the same co’ating.as 
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Fig. 4 
Total transmission for various combinations of reflectivity values 
in a double-trumpet arrangement with the following dimensions: 
Ll= 4286mm, L'2= 550mm, 28 = 30mm, 2b = 15mm. The reflectivity is 
assumed to be constant for reflection angles d&r=, but to decrea- 
se linearly in the region $cdd&& 
The definitions of 8 andzcc 

down to a minimum value atrcc. 

as in the calculatiogs for 
and tk$ guide coatings are the same 

Fig.2. 
a) Reflectivity in the total reflection region (RTR) = 1. 

Reflectivity at the maximum angle fee (RMA) = 1. 
b) RTR = 0.98, RMA = 0.98 
c> RTR = 1, RMA = 0.75 
d) RTR q 0.98, RMA = 0.735 

the DT: curves a and b, respectively, in Fig.5. It is seen that the 
transmissions of the DT are ggnerally lower by roughly 10 to 20%, 
in the A-range from 2.5 to 16A,.than the corresponding transmis- 
sions of the parallel-walled guide. Nevertheless - because of the 
beam compressor action - the flux gain factor of the double-trumpet 
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Comparison of transmission properties of a straight guide (upper 2 
curves) with those of a double-trumpet (lower 2 qurves) of the 
same total length, (Ll+L’2) = (2143 + 550)mm; the parameter values 
6, b, w and L are the same as in Fig.2. The arrangement is super- 
mirror coated with pc = 28 (Ni-nat.) in both cases, whereas~the 
incoming straight gulge is goated with Ni-58. Note that r(Ni-58)” 
1.2rc(Ni-nat. ). The curves a and c correspond to total trgnsmis- 
sion; the curves b and d show the transmissions, through a window 
of width w at a distance L from the exit of.the guide arrangement 
(sample position). Realistic values of the reflectivitieswere 
used: RTR ; 0.98, RMA = 0.833 ._ 

over the parallel guide (which is twice the transmission for 13= 2) 
lies between 1.8 and l-6 in the whole h-range mentioned above, at 
the exit of the CGS. 
The effect of changing the length of the CGS can be judged from 
Fig.6, where results of calculations analogous to those of Fig.5 
are shown. Here L = 4286mm was chosen; 
were the same as In Fig.5. 

all other parameter values 
It is quite evident from these figures, 
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Fig. 6 

Comparison of straight guide and double-trumpet as in Fig.5, ex- 
cept that Ll Gas doubled: Ll= 4286mm. 

that the transmission values of the longer DT are generally lower 
than those of the shorter one. It seems obvious, that this must be 
due to a larger number of reflections occurring within the longer 
flight path. In order to make this comparison completely fair, the 
attenuating effect of a parallel guide section before the shorter 
DT, which would compensate for the difference in length of the two 
DTs, should be added. Although this was not taken into account in 
Fig.5, it is easy to see by inspection of curves a and b, that the 
inclusion of this effect would not change the qualitative result 
of this comparison. Therefore we have chosen the shorter one of 
the two double-trumpets as a beam compressor to be built for the 
time-of-flight spectrometer NEAT. 
Finally we would like to point out, that it is also possible - in 
principle - to optimize the construction of a double-trumpet with 
respect to the positions of oscillation maxima of the transmission 
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as-a function of A. If the inclination angle $,-of. the double; .’ 
trumpet side-walls is made variable, in general one of the maxima 
of T (or Ts) may be shifted into the X-value selected for the ex- 
periment, in order to maximize the intensity. A double-trumpet con- 
structed in this’ way ‘may ‘als:o ,be. trans.formed, without difficulty in- 
to a parallel-walled guide for experiments, where this is an advan- 
tage. 

: 
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. 
Q(H.‘JYietze); What is the cross-section shape of the double trumpet used and what about an 

I 
influence of a non- 

circular‘cross-section. shape on the transmission and performance of the device with reswt to an isotopic 
circular cross-section? 

A(B.E.Lechner): The cross-section is rectangular. Because of the purpo~se of the double-trumpet (pulse-width 
reduction of a disk-chopper) it has to be rectangular. For other purposes (e.g. purely spatial focusing) a circular 
cross-section could be useful. The transmission could be calculated in an analogous way; the problem is two: 
dimensional, whereas, my calculation is in-one djmens@n only the flux is calculated in. a horizontal axis 
perpendicular to the beam 
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W G Williams 
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United Kingdom 

The topics discussed in this session were: the calculation and optimisation of the performance 

of multilayer polarizers (J B Hayter), the design and performance of a double reflection 

multilayer polarising monochromator for cold neutrons (T. Ebisawa et al), an experimental 

investigation of the growth of multilayers (P B Biini et al), the optimisation of the transmission of 

a double-trumpet neutron beam compressor (R E Lechner and F Mezei), and plans for 

polarisation work at ISIS (A D Taylor). 

The paper by J B Hayter stressed that it is now straightforward to calculate the response or 

reflectivity of any multilayer structure such as a supermirror. A discrete thin-film multilayer 

(DTFM) design has been proposed (Hayter and Mook) which uses fewer layers to provide the 

same response as earlier designs based on continuum arguments. The DTFM also overcomes 

the reflectivity loss near the critical edge which was a characteristic of earlier supermirror 

designs. Although excellent supermirrors, with reflectivities extending to e/ec(Ni) > 3 can now 

be designed and fabricated, it is less straightforward to design mirror-based devices in real 

(divergent beam) applications. A stacked device, using mirrors with different bandwidths at 

strategic positions in the structure, has been shown to give a much improved handling of 

divergent beams compared with a stacked structure containing one type of supermirror. 

T. Ebisawa et al presented results on a compact double-reflection polarizing monochromator 

for cold neutrons. The device contains two stacks of constant layer-spacing (Fe&osc):V 

bilayers deposited on Si-wafer substrates, and these stacks are inclined to each other at an 

angle 28 where 8 is the mean reflection angle of the two reflections. The length of the device is 

only 62mm, and it gives an excellent performance at a neutron wavelength x = 5.4 A : neutron 

polarization -98%, neutron yield -69%. 

Although thin film multilayer structures have been fabricated for neutron applications for the 

past 15 years, there have been few systematic studies of the processes involved in the growth of 

these structures. Boni et al have now applied the techniques of neutron reflectometry, Auger 

depth profiling and transmission electron microscopy to investigate the parameters important 

to the fabrication of constant-spacing Ni/Ti bilayers. They were able to make several important 
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conclusions: high rate sputtered samples were superior to both low rate sputtered samples and 

evaporated samples, and also the best samples were prepared at low pressure. Their highest . 

reflectivity samples contained amorphous Ti layers and smaJl Ni grain sizes, and they 

speculated that the ideal multilayer should consist only of amorphous layers. 

In the final paper on multilayer devices, Lechner and Mezei showed how-a combination of 

converging and diverging neutron guides fabricated from sup&mirrors could be used to 

optimise the flux at the sample position is a double chopper neutron spectrometer. The 

arrangement is called a double-trumpet beam compressor, and the geometrical dimensions 

(ie lengths and inclination angles) were optimised using a Monte Carlo procedure for a 

supermirror with e/ec(Ni) = 2. The transmission and optimised parameters were found to be 

wavelength dependent over the wavelength range of interest -&2-15 A), therefore these 

authors proposed to construct a variable compressor geometry. 

The angular range of the reflectivity of supermirrors has meant that most applications up to now 

have been in the cold and thermal neutron ranges, where these angles are well-matched to the 

beam divergences normally required in the scattering instruments. Improved supermirror 

performance has meant however that the concomitant larger beam divergence cannot always 

be used,, particular when one considers the design of real devices (see Hayter). It is perhaps 

now opportune to exploit the improved supermirror performance in hot and epithermal neutron 

instruments, where the angular ranges of the reflections are correspondingly smaller. 

The paper by A D Taylor on plans for polarization work at ISIS was an exception for the session 

in that it did not involve anoptica! device. This concerned the use of apolarised SmCosfilter in a 

test experiment to polarize the monochromatic~beam in a chopper spectrometer. Previous 

measurements at ISIS have demonstrated that the selective spin absorption principle of the 

SmCos filter works well in low-flux white beams (POLARIS measurements with ISIS operating 

at -~FA), but that the beam heating was prohibitively large at full ISIS current. With the filter 

placed behind a monochromating chopper, the beam flux is reduced ‘by some 3 orders of 

magnitude, and this polarizing method should easily be viable. Tests are scheduled for 

‘November 1990. 
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Area detector for small angle neutron 
scattering at.KUR 

Y. Mae-da, M.. Sugiyama and ST Uehara 
Research Reactor Institute, Kyoto University,‘ 
Kumatori-cho, Sennan-gun, Osaka, 590-04, Japan 

ABSTRACT 
-The two-dimensional position-sensitive neutron 

detector has been developed for the small angle 
neutron scattering experiments at KURRI. The 
construction and the performance of the detector 
are described. 

I. INTRODUCTION 

Position-sensitive detectors (PSDs) are being widely 
used in neutron beam 'experiments. Especially, a large area 
PSD is essential for small angle neutron scattering (SANS) 
experiments. Research Reactor Institute, Kyoto University 
is engaged in the development of P.SDs- for use at SANS which 
will be situated at a cold neutron guide of Kyoto 
University Reactor (KUR). A variety of neutron PSDs have 
been developed and well used in neutron research centers, 
such as ILL, BNL, ORNL and Ris4.1rz Most of them are 
3He-filled multi-wire proportional chambers (MWPCs) for the 
use at steady neutron sources. The important points.in _our 
design of the PSD are the best compromise of accumulated 
knowledge on the performance of detectors' and the easiness 
of manufacture and maintenance of PSDs. 

II. CONSTRUCTION 

--A 5 1x51 cm2 detector (Type D) was designed for the use 
at SANS. In order to check the performance of the MWPC, we 
made a small prototype PSD (Type A), in which the electrode 
construction of the MWPC is the same as the large detector. 
The characteristics of two PSDs are given in Table, and 
their electrode configurations are shown in Fig.1. The 
MWPC electrodes of Au-coated tungsten wires and an 
aluminized Mylar sheet are kept under tension by being 
fixed to frames of glass epoxy resin (GlO). Each MWPC is 
installed in an aluminium high pressure vessel. In Type A 
PSD a flat entrance window is used. In Type D PSD, 
however, an additional spherical dome filled with 'He at 
the same pressure with the counter gas, is attached on the 
flat window, preventing deformations of the vessel and 
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Characteristics of Two Neutron Detectors 

Type A Type D 

Act iv.e Area [d] 

Reso I ut i on [pixels] 

Pixel Size [BllxBNl 

Case Material 

Window 

Active Dept,h [ml 

Anode 

Readouts 

Cathodes 

Wire Plane 

Spat i ng [ml 

Fill Gas 

Gas Pressure [Pa] 

Gas Purifier 

21x21 

56x56 

3.75 x3.75 

Aluminiur 

101~ Al. 

2. 6 

20,~ Au-coated W wires 

spacing 2.5~~ 

50~ Au-coated W wires 

spacing 1.25~1 

Aluminized HYlar DlUS 

50~ Au-coated W wires 

6. 5 

uiax. 4.3~10~ 
‘ 

540 C heated Ca-shot 

51x51 

64x64 

8X8 

Aluainiua 

14mo Al. 

(4n11 dome PIUS 

1 Ontm diaphram) 

2. 6 

20s Au-coated W wires 

spacing 4.Om 

50,~ Au-coated W wires 

spacing 2.Om 

50~ Au-coated W wires 

6. 5 

‘He-Ar-CO2 

nax. 7X105 

540 C heated Ca-shot 

reducing the 'thickness of windows which cause neutron 
scattering. There are two ports for gas inlet and 
circulation and electrical feed-throughs on the backside of 
PSDs. The preamplifiers and the gas purifier are connected 
with them. 

AS shown in Fig-l, the electrode arrangement of the 
MWPCs is symmetrical and two orthogonal readout grids are 
used for X- and Y-position readout by measuring induced 
charges, respectively. The readout grids are kept on the 
ground potential. The regions between the grid and the 
cathode plane are regarded as dri'ft gaps, increasing the 
neutron detection efficiency with rather low anode voltage. 
The readout electrodes are strips, connected in groups of 

two or three wires in Type A and four wires in Type D. The 
various position readout techniques are proposed for 
two-dimensional PSDs. Among them, we intended to use the 
'strip-per-strip" encoding method and compared it with the 
delay-line method. 

III. PERFORMANCE 

1)Choice of counter gas 
From the easiness of handling, the mixture of 3He and 

Ar was used aS the main component of the counter gas. The 
selection of the quenching gas was performed by using a 
cylindrical proportional counter, and the mixture of 
3He50%-Ar47.5%-C022.5% was determined to be the best for our 
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neutron beam 
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2lx21owDETECTOR 
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0 0 0 0 0 0 (+HV) 
L .I ED) 

~~ (-VI 

5lx51om2DETECTOR 

Fig-l. Electrode configurations of two position- 
sensitive detectors (Type A and Type D). 

PSD. The filling of 4.5~10~ Pa ,counter gas into our MWPC 
gives an efficiency of 96% for 4 A neutron. 

2)Gas purification 
As a large quantity of glass epoxy resin is used in the 

electrode fixing frame of our MWPCs, it is inevitable to 
remove water and oxygen from the counter gas. The 
purification system containing Ca metal shots is heated to 
540°C and the counter gas is circulated by convection a.nd 
purified. Enough purification is achieved with 24 hrs 
operation. 

3)Characteristics of MWPC 
With the PSD (Type A) filled 3.5~10~ Pa3He50%-Ar47.5%- 

CO2 2.5% the characteristics of the MWPC was checked in the 
thermal neutron beams from an Ni guide tube. Figure 2 a) 
shows the pulse height spectrum obtained on the anode of 
the MWPC. The best performance was obtained by applying 
+2500 V on the anode and -500 V on the cathodes. The 
resolution of the sum peak is 13%, and the neutron signal 

r 

a) b) cl 

17 

Fig.2. Pulse height spectra for neutrons. a) Total anode 
signal, b) signal induced on the grid strip just in the 
beam line, and c) signal induced on the grid strip 
separated by five strips from the beam line. 
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Fig.3. A block diagram of the position decoding using 
the delay-line. 

is easily discriminated from the background noise. On the 
reado'ut grids the signals are distributed over fifteen 
strips, and the pulse height spectra are well separated 
from noise level, as shown in Fig.2 b) and c). Therefore, 
the position determination is easily made by using "strip- 
per-strip" encoding method. Under the this condition the 
MWPC is operated with an avalanche charge of N5X106 
electrons corresponding to a gas gain of ~150. 

4)Position resolution for neutrons 
Neglecting count rate capability, the delay-line 

encoding is more attractive in the sense of its simple 
construction and long term stability than the "strip- 
per-strip" encoding method. The delay-line readout was 
applied in the PSD Type A. As shown in Fig.3, the signal 
induced in the readout strips propagates towards both 
sides of the delay-line, and the difference in time of 
arrival at both ends gives a measure for the position of 
the avalanche. The delay-lines have 83 taps, each of which 
is connected to a readout strip being made up of two grid 
wires. The total delay time is 1328 nsec. The position 
resolution for neutrons is measured by using a pinhole of a 
cadmium mask on the face of the PSD. As shown in Fig.4, 
the detector response is linear, and the position 
resolution is determined to be 5 mm FWHM. 

IV. CONCLUDING REMARKS 

The basic tests with the 21x21 cm 2 PSD promissed an 
excellen 
51x51 cm ti 

performance ,of the large area detector. The 
PSD will be used for the SANS experiments at KUR, 

after checking the total performance such as uniformity, 
count rate capability, and long term stability. 
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Fig.4. Relation between impact position (X) and channel 
assignment. 1 channel = 3.6 nsec = 0.25 mm. The inserts 
show the response to a pinhole beam giving the position 
resolution. 
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Q(I.Kanno): What is the material of the dome and also the chamber itself? Is the pressure of 4He in the dome 
almost the same with the one of active gas? 

A(Y.Maeda): Both the dome and chamber are made of Al. The pressure of 4He and active gas are almost the same. 
It is important to make the window thin and avoid deformations of the vessel. The pressure difference is kept 
to be less than 0.1Kg/cm2 and the maximum displacement of the diaphragm is Imm. 

Q(H.Tietze): What is the decay time of the counting pulses obtained? 

A(Y.Maeda): About 5Opxx. Butitdependson the position. Thesignaliuducedonread-wirejustinthekamline 
has an additional signal due to Ar ion arriving directly at the wire. The delay of this signal from the signal 
induced by avalanche is -2COpsec. 

Q(R.K.Crawford): Have the various encoding methods possible with this detector been compared? 
A(Y.Maeda): Neglecting counting rate capability, the delay-line encoding is the most attractive in the sense of its 

simple construction and long term stability. After checking the total performance such as uniformity and 
counting rate capability, we want to decide whether “strip per strip” encoding is necessary or not, 
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I. Introduction 
Very large enhancement of parity-nonconservation (PNC) effect in the 

neutron-nucleus reaction has been studied for a dec,ade.l*2+3*4 The 
enhancement of the PNC effect is interesting phenomena itself. And 
furthermore, it has another interesting point, namely, the, mechanism of,: 
enhancement is expected -also for time reversal symmetry breaking 
terms5*6*7es. We have been studying longitudinal asymmetries in (n,y) 
reaction cross sections denoted by AL,~ for several nucleia. Very large 
enhancement up to 106 of ma nitude has been observed in the radiative 
capture p-wave resonance of g 13 La at the incident neutron energy of 9.734 
eV. In the .experiment, capture 7 rays and transmitted neutrons were . . 

counted as a function of the neutron energy by using the time-of-flight 
(TOF) method. The y-ray detection takes an- advantage to identify the 
radiative capture reaction, while the neutron transmission includes large 
contribution of the neutron scattering. ‘In this report, we ,will describe our 
current experimental arrangement and recent results; 

II. Experimental Arrangement 
The, experiment was carried out in a polarized neutron beamline at 

KENS. The schematic view of our experimental arrangement is shown in 
Fig. 1. Neutrons were transversely polarized upon transmission through a 
dynamically polarized proton filter which was placed at 5.2 m from the 
neutron source. A typical neutron polarization around E, = 1 eV was about 
70%. A typical instantaneous incident neutron intensity was 3x107 
polarized neutronsj/sec/cm2/eV (_E,= 1 eV) at 6.6 m from the neutron 
source. A target was placed at 6.6 m from the neutro,n source. The neutron 
spin was rotated from the transverse to longitudinal direction following an 
adiabatic passage. The neutron helicity was reversed’evexy 2.5 seconds. 

A plastic scintillator for a. beam monitor was placed at 4.5 m from the 
neutron source. Three sets_ of BaF2 crystals were placed cylindrically 
surrounding the target for capture ‘y-ray detection at three polar angles 
with respect to the incident neutron momentum. The capture y rays were 
detected inclusively with energy threshold of 1 MeV. Transmitted 
neutrons were detected by a loB loaded liquid scintillation counter located 
at 9.4 m from the neutron source. 

. .. 
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Figure 1. 
Schematic view of our experimental arrangement 

III. Counters 

(a) Plastic Scintillator for Beam Monitor 
An annular 0.02-mm thick indium foil was placed most upstream of 

our system for monitoring the number of incident neutrons by detecting 

capture y rays from indium nuclei. A plastic scintillation counter was used 
for the detection of the capture y rays, since it has a good timing 
characteristics. The scintillator size was 5 cm in thickness and 5 cm in 
diameter. A photomultiplier (Hamamatsu H 116 1) with bialkali 
photocathode and borosilicate window was used to detect the scintillation 
light from the plastic scintillator. The pulse width was about 10 ns in 
FWHM. Since plastic scintillator contains only low 2 atoms, the 
contribution of the compton scattering is much larger than that of full 
energy absorption. The full energy absorption, however, is not necessary 
for the beam monitoring. 

(b) loB Loaded L’ squid Scintillatorg for Transmission Measurement 
An NE31 1A loB loaded liquid scintillator was used for the 

transmission measurement. loB nuclei are contained 2.4~1021 cm-a in the 
liquid scintillator. Neutrons are detected by the following reactions. 

n + loB -> 7Li + *He + 2.792MeV 
n + loB -> 7Li* + *He + 2.310MeV 

The cross section of these reactions is about 600 barns at E, = 1 eV. The 

scintillator size was 3.5 cm in thickness and 3.5 cm in diameter. 
Therefore, the detection efficiency is 99.4% for 1-eV neutrons. The 
kinetic energy of charged particle is converted to scintillation photons in 
organic liquid. The photomultiplier (Hamamatsu H1161) was used for 
scintillation light detection. Since the deposit energy is determined by the 
Q-value of these reactions, pulse height spectrum of neutron signal has a 
definite peak. Typical raw pulses obtained with neutron beam are shown in 
Fig. 2. The pulse width was about 15 ns. The separation of neutron pulse 
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was remarkably good. Neutron pulses was extracted by using window type 
discrimination. 

. . 

Fig. 2. Typical neutron signal of 10~ 
loaded liquid scintillator. The neutron 
signals forrh a clear band’corresponding 
to reaction Q-value. The scale. of x-axis is 
20ns/div. y-axis 5OmV/div. ’ 

(c) BaFi Crystal for Capture Y-Ray Measurement from. (he_ Target 
BaF2 crystals were used. for the detection of capture y rays from ‘target 

nuclei. A solid angle of 6=30-1500 and-@=O-3600 was covered by the whole 
BaF2 y-ray counter. The thickness in the y-ray emission direction was more 
than 6 cm. Since the radiation length of BaF2 crystal (2.1 cm) is shorter 

than that of NaI(T1) crystal (2.6 cm) which is commonly used for y-ray 
detection, the full energy absorption efficiency of BaF2 is better than that of 
NaI for the same dimension. BaF2 crystal has two light emission peaks at 
220 and 310 nm in wave length. The decay constants for the two 
components are 0.6 and 620 ns, respectively. Hamamatsu R329QTE 
photomultiplier with a CsTe photocathode was used to detect only the fast 
component of scintillation light which has a good timing characteristics. A 
quartz plate is used as a window for R329QTE so as to’ transmit the fast 
component light in the ultra violet region. Typical raw pulses of the fast 
component of BaF2 scintillation light are shown in Fig. 3. The pulse width 
was about 10 ns in FWHM. 

Fig. 3. mica1 fast component signal of 
BaF2 sclntillator. W (ultra violet) 
sensitive photomultiplier with CsTe 
photocathode and quartz window is used. 
The scale of x-axis is 20ns/div. y-axis 
lOOmV/div. 
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IV. Results of AL,~ Measurement 

Typical TOF spectra obtained by the beam-monitor counter, BaFz y-ray 
counter and transmission counter as a function of incident neutron energy 
are shown in Fig. 4. In the TOF spectrum of the beam-monitor counter, a 
resonance is found at E, = 1.457 eV for 1151n. The count around the 

resonance peak was used to normalize the counts of the BaF2 y ray and the 

transmission counters. In the TOF spectra of the BaF2 y-ray counter and 
the transmission counter, a p-wave resonance of 139La is found at E, = 
0.734 eV, and an s-wave resonance of 138La at En = 2.99 eV. Small 
resonances were observed with a good signal to background ratio in the 
capture y-ray measurement in comparison with the transmission 
measurement. 

The preliminary results of AL,~ for several nuclei are listed in table 1. 

The longitudinal asymmetry corresponds to on. k, correlation, which 

contains only the entrance channel quantities. The enhancement of the 
longitudinal asymmetry is explained by many theoretists.Te 10~ 11 The 
present results are consistent with the parity mixing in the entrance 
channel into the compound nucleus. 

6 

Fig. 4. Typical TOF spectra obtained by (a) 

beam-monitor counter, (b) BaF2 ‘y-ray 
counter and (cl transmission counter. The 
x-axis is the incident neutron energy in 
eV. the y-axis is the counts in arbitrary 
unit. The (b) and (cl are the spectra for a 
lo-mm thick lanthanum target. 
Unlabelled small peaks are due to 
contaminations. 

..-- I-.---L--_._.I--..,,_I-..J 
I 2 3 4 5 6 

E,,lcVI 

En kvI 

AL*y 

l 3gLa 81Br 
0.734 0.88 

(9.9&0.5)% (2.4+0.5)% 

lllCd 
4.53 

-( 1.0&0.5)% 

Table 1. The preliminary results of AL.7 measurement using the present BaF2 
counter. The AL,Y for 13% is consistent with our previous measurements.3 
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V. Development for Exclusive y-ray Detection 
In capture ‘y-ray measurement, many ,other PNC correlation terms cm 

be observed. These correlation terms contain the quantities in the exit 
channel from the compound nucleus (kY or y helfcity). The similar 

enhancements are expectedalso for such correlatio.ns, for- example, an. k,, 
correlation terml-2. The:’ inclusive detection of capture y-rays is not 
sufficient to measure such correlation terms, because of the following 
reason. Many y-ray transitIon.& are indu<ed: ir~ deexcitation of the 
compound nucleus. The spectroscopic factor ‘of each ‘y-ray transition is 
different in ma.gnitude and sign. As the result, the PNC effect may be 
smeared after integrating the contributions of these ‘y-ray transitions. 
Therefore, the detection of specific transition -Js required. 

Bismuth germanate (BGO) crystal is a hopeful candidate for this 
purpose. Better efficiency of full energy absorption can be obtained with 
smaller crystal size because of its short radiation length (1.1 cm). The 
compactness is an important..polnt in actual measurement, since very large 
shields for background y-rays and neutrons is required for a large detector. 
We studied the pulse height spectrum of 2”@c2” BGO by using several y-ray 
sources. Hamamatsu H116 1 photomultiplier was used for scintillation light 
detection. As the result, fill energy peak was observed clearly with energy 
resolution 8% in FWHM for 4.43-MeV y rays as shown in Fig. 5. The decay 
constant of light emission of BGO is 300 ns, which is rather slow. But it is 
not problem because a typical counting rate of capture ‘y rays from the 
target is less than ,100 kHz. We have built a BGO counter set (shown in Fig. 
6) for the measurements of some correlations which contain exit channel. 
quantities mentioned above. 

Fig. 5. :j3~ spectrum of 2’9x2” BGO crystal 
for Am/Be, 60C0, 137Cs sources. Energy 

resolution is 8% at 4.43MeV y from 
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PMT BGO Fe Pb B4C 

50G solenoid 

Fig. 6. Counter arrangement of BGO 
detector system. 
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A(H.M.Shimizu): Air Contact! 
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ABSTRACT 

The heart of each time-of-flight neutron scattering instrument is its complement of 
detectors and the associated encoding and counting electronics. Currently there are ten 
fully-scheduled neutron scattering instruments in operation at IPNS, with three more 
instruments under development. Six of these instruments use position-sensitive 
neutron detectors (PSDs) of various types. These PSDs include a 30 cm x 30 cm, -3 
mm resolution, neutron Anger camera area PSD with 6Li-glass scintillator; a 2.5 cm 
dia, -0.7 mm resolution, microchannel-plate area PSD with 6Li-glass scintillator; a 20 
cm x 20 cm, -5 mm resolution, 3He proportional counter area PSD; a 40 cm x 40 cm, 
-4 mm resolution, 3He proportional counter area PSD; a flat 25 cm long, -1.6 mm 
resolution, 3He proportional counter linear PSD; and 160 cylindrical 3He proportional 
counter linear PSDs, each of which is 1.27 cm in dia and 60 cm lon and has -14 mm 
resolution. In addition to these PSDs, -750 standard cylindrical 4 He proportional 
counters of various sizes are utilized on IPNS instruments, and -20 BF3 pulsed ion , 

chambers are in use as beam monitors. This paper discusses these various detectors 
and associated electronics, with emphasis on the instrumental specifications and the 
reasons for the selection of the different types of detectors. Observed performance of 
these detectors is also discussed. 

I. INTRODUCTION 

A large number of standard detectors and position-sensitive neutron detectors (PSDs) are in 
use on the thirteen IPNS neutron scattering instruments. (Three of these instruments are still under 
development.) IPNS instruments now utilize nearly 800 standard neutron detectors (3He 
proportional counters or BF3 pulsed ion chambers) of various sizes. In addition, six of these 
instruments are based primarily on the use of PSDs. All IPNS instruments operate using the time- 
of-flight (TOF) principle, so they must all have their resulting raw data binned into histograms with 
both time (neutron TOF) and spatial (angular) dimensions. The data acquisition electronics and 

*Work supported by U.S. Department of Energy, BES, contract No. W-31-109-ENG-38. 
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software for the IPNS instruments have been described elsewhere, 1-4 so this paper will focus on 
details of the detectors used on the different instruments, the reasons for these particular choices of 
detectors, and the performances which have been achieved with these detectors at IPNS. Some 
aspects of the IPNS PSDs have recently been discussed elsewhere,5 but are summarized here for 
completeness. 

II. BEAM MONITORS AT IPNS 

Incident Beam 

The incident-beam monitor is a low-efficiency detector located upstream from the neutron- 
scattering sample. This detector samples the entire incident beam and provides continuous 
monitoring of the intensity and wavelength distribution of the neutrons in this beam. Because the 
beam always passes through this monitor, the monitor must be designed to produce only a minor 
perturbation on the incident beam. Thus the detection efficiency of this monitor must be kept quite 
low and the monitor must be designed so it scatters very few neutrons. Most IPNS instruments use 
flat ionization chambers operating in the pulse mode, which span the entire beam to monitor the 
incident beam intensity as a function of TOF. Although similar detectors are used in the chopper 
instruments, the functions in this case are to monitor the total incident intensity and to measure the 
shape and position (in TOF) of the pulse transmitted by the chopper. 

These ion chambers are commercially available detectors (Reuter-Stokes, Twinsburg, OH, 
USA; models RS-Pl-3402-lOl(or -103) or RS-Pl-6802-lOl(or -103)) with an active volume which 
is -2.5 cm thick and either 7.6 or 15.3 cm in dia. These monitor detectors have Al bodies and 
windows and are filled to -1 atm with a fill gas which is a mixture of Ar, CH4, and C02, with 
sufficient BF3 added to achieve the desired detection efficiency, usually in the range 10m3 - 10m5 for 
thermal neutrons. Measurements indicate that the sensitivity of these detectors is quite uniform 
over the active volume, so they provide an accurate sampling of the entire beam. Neutron detection 
efficiencies have been found to be proportional to neutron wavelength, as expected, over the full 
wavelength range of interest to the IPNS instruments. This type of detector was chosen because of 
their commercial availability, uniform sampling of the entire beam, well known variation of 
efficiency with wavelength, resistance to radiation damage, and relative insensitivity to both 
gamma rays and fast neutrons. 

Early experience using a variety of both commercial and Argonne-built charge-sensitive 
preamplifiers with these detectors was not entirely satisfactory. Because of the hydrogen atoms in 
the CH4 component of the fill gas, the detectors have some sensitivity to high-energy neutrons. At 
the TOF values at which most measurements are made, pulses from these high-energy neutrons are 
easily eliminated by pulse-height discrimination. However immediately following the proton pulse 
on the target, these detectors are bombarded with a very high instantaneous flux of high-energy 
neutrons, and this led to severe overload of the preamplifiers. On most beamlines this overload was 
sufficient to completely “black out” the detector so that it was unable to count for the first few 
hundred microseconds after the proton pulse. Even after the detector system had resumed counting, 
the TOF spectrum it measured was distorted for additional hundreds of microseconds as the 
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baseline recovery from the overload shifted the detector pulse-height spectrum relative .to, the 
discriminator window. For.most instrumentsthis overload recovery occurred before the TOF- range 
of interest; so it was no problem. On other instruments, the intensity of such fast neutrons was 
significantly reduced by a filter or a chopper, so such overload did not occur and recovery was 
never a problem. 

- 

Figure 1. Beam monitor raw data (not corrected for efficiency) measured on the Hl beamline at IPNS using a 
BF2 ionization chamber. Dashed line - original preamplifier/amplifier; Solid line - new bipolar 
preamplifier/amplifier; Dotted line - same new preamplifier and same detector, but in a location further 
downstream where the incident intensity was attenuated by a factor of 6. AU were arbitrarily scaled to match at 
the Maxwellian peak. Note that with the old preamplifier the detector was effectively “dead” for wavelengths 
below -0.25 d and the spectrum was somewhat distorted for wavelengths just above this. ,The small 
discrepancies at short wavelengths between the two measurements with the new preamplifier/amplifier are not 
yet fully understood and may represent real spectral differences at the two beam locations. Small differences at 
the longer wavelengths are due to differing numbers.of Al windows upstream from the detector. 

However, there was still interest in pressing the capabilities on some instruments to shorter 
and shorter wavelengths, so it became important to minimize or eliminate such overload:effects. 
This has been accomplished by the development of a preamplifier/amplifier combination which 
produces a short bipolar pulse tailored to result in no baseline shift. Figure 1 shows a comparison 
of the spectra measured on one of the IPNS beamlines with this new preamplifier/amplifier and one 
of our older versions, both with the same detector in the same location. The improvement achieved 
with the new preamplifier is evident in the figure. This figure also includes the spectrum measured 
in another location on the same, beam where the incident intensity has been attenuated by a factor of 
-6, showing that the spectra as measured with these beam .monitors are not data rate dependent at 
any of the rates encountered at IPNS. 

Several other types of beam monitors have been tried at IPNS. One of these was a gas 
proportional counter with a planar geometry, having CFd with a small amount of 3He as the fill 
gas. This detector worked quite well for short periods of time, but its efficiency was found to 
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degrade by a factor of -2 per month of operation. Inspection of this detector after disassembly 
indicated that the degradation was due to a film of unknown composition which had been plated on 
the anode, presumably because of the chemical reactions occurring in the highly-ionized fill gas 
near the anode. 

Another unsuccessful beam monitor attempt was the use of Si surface barrier detectors with a 
6Li coating. These were commercial charged-particle detectors (EG&G Ortec, Oak Ridge, TN, 
USA; Series A silicon surface-barrier detector) which had 6Li evaporated onto their front surfaces 
so that either the alpha particle or the triton from the reaction 

6Li + n 4 3He + 4He + 4.79 MeV (1) 

was detected in the surface-barrier detector. Detection efficiency was determined by the deposition 
density of the 6Li layer, which was chosen to be 9.5 pgm/cm2 to, give an efficiency of -5~10’~ for 
1 A neutrons, increasing linearly with wavelength. The thin single-crystal of high-purity Si 
(resistivity 6.0 KS&cm) which formed the bulk of the detector produced little neutron absorption or 
scattering in the relatively long-wavelength range of interest to the Small-Angle Diffractometer 
(SAD), and so transmitted the neutrons not absorbed in the 6Li with little or no perturbation. This 
detector worked quite well initially, but over the period of roughly one year its performa.+tce 
degraded to the point where it was no longer usable. This degradation was attributed to radiation 
damage. Subsequent tests with other similar detectors showed that detectors made with higher 
purity Si (resistivity 8.4 K&cm) degraded much faster, as would be expected from this mechanism, 
and no detector of this type was found to provide satisfactory long-term stability. 

Transmitted Beam 

The transmitted beam monitor is located downstream from the neutron-scattering sample, and 
is used to measure the intensity and wavelength distribution of the neutrons transmitted through the 
sample. On the chopper instruments, the transmitted beam monitor data are also used in 
conjunction with the incident beam monitor data to determine precisely the energy of the chopped 
pulse of neutrons and the arrival time of this pulse at the sample position. Many of the IPNS 
instruments also use flat pulsed ionization chambers of the type described above as transmitted 
beam monitors. 

Several IPNS instruments instead use a pinhole mask in front of a high-efficiency 3He gas 
proportional counter to monitor the beam transmitted through the samples. In this case, the detector 
is frequently of the same type as that used to detect the scattered neutrons, so that detector 
efficiencies do not enter the data reduction. One such monitor is described elsewhere in these 
proceedings.6 On SAD, a proportional counter detector and associated mask are mounted on a 
computer-interfaced translation stage so they can automatically be inserted into the beam whenever 
transmission measurements are to be made, and can otherwise be completely withdrawn from the 
path of the scattered neutrons. 
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III. STANDARD DETECTORS AT IPNS 

Cylindrical 3He-fXed gas proportional counters are used as detectors on many of the IPNS 
instruments. These detectors were chosen because of their low intrinsic backgrounds, high 
reliability, and commercial availability (Reuter Stokes, Twinsburg, OH, USA, most IPNS detectors 
are models RS-P4-0415101, RS-P4-0818150, or RS-P4-0205-201, but small numbers of several 
other models are in use). Table I indicates the variety of sizes and fill pressures and the numbers of 
such detectors in use at the present time on the various IPNS ins.truments. Nearly all of these 
detectors have Al walls coated on the inside with Ni. When sufficient attention is paid to shielding 
against the cosmic ray and other natural backgrounds, intrinsic background count rates below 0.1 
count/minute are routinely achieved for such detectors.- 

. . 

Table I - Standard 3He Proportional Counters at IPNS 

Instrumenta 
Standard 3He 
Detectors Diameter 

Active 3He Fill 
Length Pressure 

EVS 
GPPD 
HRMECS 
LRMECS 

PHOENIX 
POSY 
POSY-II 
QENS 
SEPD 

16 
142 

-240 
116 
40 

4 
32 

lb 
1 b’ 

34 : 
j2J 

m 746 

1.59 cm 20.3 cm 
1.27 38.1 
2.54 45.7 
2.54 45.7 
2.54. 22.9 
2.54 11.4 
2.54 45.7 
0.64 2.5 
0.64 2.5 
0.64 12.5 
1.27 38.1 

6 atm 
10 
6 
6 
6 
6 
.6 

20 
10 
10 
10 

a EVS 
GPPD and SEPD 
HRMEXS, LRMECS, and PHOENIX 
POSY and POSY-II 

b 
QWS 
Masked and used as beam monitors. 

+ eV spectrometer/low-resolution diffractometer 
+ powder-diffractometers 
- chopper spebometers 
+ neutron reflectometers 
+ quasielastic spectrometer 

. 
. 

Because of the large numbers of such,detecto.rs involved, relatively inexpensive 
preamplifier/amplifiers and discriminator/time-encoders were developed for these detectors, with 
identical electronics being used on all instruments utilizing such standard detectors. Most of these 
electronics have been described previously. 1*2 Many of the detectors on HRMECS and all of the 
detectors on LRMECS (Table I) are operated in the vacuum of the scattering flight path, but all 
external high-voltage connections, preqnplifiers, etc. arelocated outside this vacuum. For all 
instruments,.the’highTvoltage connections and preamplifiers are contained in a controlled 
environment of dry nitrogen gas. Careful control ofthis environment was found to be necessary in 
order to prevent the high background counting rates which would othenivise result from high- 
voltage breakdow’n due to. the humidity in the air in the IPNS experimental ‘hall. In di cases, 



careful attention has been paid to detector grounding and other sources of ground loops, and to 
electromagnetic shielding of all components in the signal train. These precautions have, in most 
cases, prevented contamination of the collected data by the high levels of electromagnetic noise 
from the accelerator system and other sources which are always present in the experimental hall 
during operation. 

IV. PSDs AT II’NS 

Six of the IPNS instruments use PSDs in order to provide the necessary angular resolution 
and coverage. Table II lists these six instruments and provides some of the specifications for the 
associated PSDs, which are discussed individually in the sections below. 

Table II - PSDs at IPNS 

m SAD - newa 

Number of PSDs 1 

PSD type 

Encoding methodb 

Anger 

Anger 

Encoded dimensions 2 

Encoded channels (x,y) 128x128 

Histogram channels (x,y) 85x85 

Active mat’l/pressure (atm) 6Li glass 

Stopping gas/pressure (atm) -- 
Active area (cm) 30x30 
Active depth (mm) 2 
Resolution (mm fwhm) 3.5 
Dead-time (c(s) -3 
Efficiency at 1.8 A 0.98 
Efficiency at 0.6 A 0.73 

1 

Prop. 

RT 

2 

256x256 

64X64 

3He/l .3 

CF4/0.7 
20x20 
32 
3-9d 
-10 
0.55 
0.23 

1 

Prop. 

RT 

2 

256x256 

128x128 

3He/2.6 

CF4/1.4 
40x40 
25 
4-6d 

-5 
0.61 
0.27 

t 
New small-angle diffractometer. 

: 

RT stands for rise-time encoding, CD for charge-division encoding. 
GLAD detectors are cylindrical, 1.27 cm outside dia x 60 cm long. 

e 
Depends on electronics. There is a tradeoff with linearity and dead-time. 
Efficiency averaged over cylinder. 

Anger Camera 

POSY 

1 1 

Micro. Prop. 

CD RT 

2 1 

256x256 256 
128x1 256 
6Li glass 3He/2.6 

_- CF4/l .4 
2.5 dia 5x20 
0.5 25 
0.7 1.6d 
-8 -10 
0.63 0.61 
0.28 0.27 

POSY-II GLAD 

160 
Prop. 

CD 

1 

64 

?I,/10 

Ar/2 
1.1x6Oc 
llb 
14 

8 
0.77e 
0.3ge 

A neutron Anger camera with 6Li-glass scintillator, which was developed and built at 
Argonne, is used as an area PSD on the Single Crystal Diffractometer (SCD).7 This instrument 
uses the time-of-flight Laue technique to obtain diffraction data from single crystals. Figure 2 
provides a schematic representation of the Anger camera detector, indicatixig its use on SCD. This 
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detector, which has been described in detail elsewhere,8. has an active qea of 30 x 30 cm2, with a 
resolutioQ of -3.5 mm fwhm and a dead-time of -3 ps per.evqt. The 2 mm thick ‘Li.-glass 
scintillator which is. the active material on this detector provides a .detection efficiency of -66% for 
0.5 A neutrons. If thedetection volume were.thicker, parallax wbdd result in a serious degradation 
.of the resolution because the detector is normally opera&@ only ~30 cm from the scattering sample. 
This good spatial resolution, negligible parallax, high efficiency at short wavelengths, and t?~c short 
dead-time-were the primary reasons a detector of this type was developed for this instrument.. The 
electronics encode the 30 x 30 cm2 active_ar,ea as 128 x 128 .pix&, aqd also provide, sufficient 
additional information so that accurate dead-time corrections can be made on the data as a function 
of TOF. The 6Li-glass scintillator material has appreciable gamma-ray sensitivity, so lithium 
carbonate enriched with 6Li, which’produces no gan&tis upon absorption of neutrons, was used as 
the shielding material close to the detector. This,‘combined with pulse-height discrimination and 
the careful use of other shielding materials, has reduced the detected gamma and fast-neutron 
backgrounds to acceptable levels. 

Light 
Disperser, Photomultiplier 

6Li Glass 
\. 

Array 
Scintillator / 

Collimation 
Anger 

Detector 

/ 

Figure 2. Schematic exploded view of the Anger camera area PSD and ti representation of its use on SCD. In 
normal use, the light disperser plate of the Anger camera is h direct contact with the face of the dhotomultipiier 
array, and the 2 mm thick glass scintillltor plate is separated from the disperser plate by a thin air gap which 
serves to truncate the scintillation light cone. The-output of each 5.1 cm square photomultiplier is resistor- 
‘weighted according to its x and y coordinates, and the normalized sums of the weighted signals are used to 
determine the centroid of the cone of scintillation light from the neutron absorption event; 

Area Proportional Counters 

The small-angle diffractomfer SAD has been in operation for.a number of years,‘: and a 
second small-angle diffractometer is currently being developed. Both of these instruments utilize 
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rise-time-encoded 3He proportional counter area PSDs located in line with the direct beam to make 
measurements at small scattering angles. Figure 3 shows one of these PSDs schematically, and also 
indicates its use on the instrument. These instruments utilize a large wavelength range in order to 
span a large dynamic Q-range. The scattering signal is usually quite weak over some parts of this 
range, so the low intrinsic background counting rate and relative insensitivity to gamma rays and 
high-energy neutrons of a proportional counter are distinct advantages. Because of the relatively 
large sample-detector distances on these instruments (1.5-2.0 m), the parallax associated with the 
thick active volume of these detectors is not a significant problem. 

Y-Cathode X-Cathode 

Collimation 
Moderator \ 

NEUTRON BEAM v-l 

Figure 3. Schematic representation of the arrangement of the electrodes in the proportional-counter area PSDs. 
Use of one of these PSDs on a small-angle diffractometer is also shown schematically. Wire spacing is 2 mm in 
the SAD detector and 4 mm in the detector for the new small-angle diffractometer, requiring -100 loops for each 
of the actual cathodes in both cases. 

The area PSD used on SAD was built as a joint effort by Argonne National Laboratory and 
Oak Ridge National Laboratory personnel.’ It has an active volume 20 x 20 cm2, 3.2 cm thick, 
which was originally filled with a mixture of 3 He, Xe, and CO2 to a pressure of -5 atm. However, 
in order to reduce the gamma sensitivity still further, it was later refilled with a mixture of 65% 3He 
and 35% CF, to a total pressure of 2 atm. This detector has been in continuous operation for more 
than 10 years with only this one change of fill-gas, and has shown no sign of degradation over this 
period. The detector is of the Borkowski-Kopp” type, in which an anode plane in the center is 
sandwiched between two single-wire cathode planes as indicated schematically in Fig. 3. The wires 
in the two cathode planes are strung in zig-zag patterns with 2 mm spacing. The wire directions in 
the front plane are orthogonal to those in the rear (Pig. 3) so the x-position can be derived from the 
signals from one of these catbode planes and the y-position can be derived from the other plane. 
The intrinsic RC time-constant for each ffthode is -0.8 us. The 8-bit-ey2h digital x and y positions 
are produced using rise-time encoding with a direct-time-digitizer operating on the signals 
from each cathode. Most events due to gammas or to fast neutrons are eliminated by pulse-height 
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discrimination. .The best resolution so far determked from.actual neutron measurements is -5 mm 
fwhm. This value is very sensitive to the quality. of the preamplifiers and encoding electronics, and 
to the time constants used for shaping the signals prior to encoding. Since the nominal resolution 
of -3 mm has not yet been achieved, some current developments are aimed at further 
improvements in resolution. The position encoding exhibits some nonlinearity over the entire 
detector, and this becomes much worse neti the detector edges. The extent of these nonlinearities 
can be modified by the choice of shaping time-constants as well as by the type of termination 
impedance used at the ends of the detector cathodes. However, even the best results that have been 
achieved so far have left nonlinearities around the detector edges, and these were stilI so bad that an 
appreciable amount of data from regions around the detector ed es had to be discarded (using 
software masks), leading to a useful active. area of -17 x 17 cm 5 

. Detailed simulations of the 
detector and associated circuitry, coupled with an active electronics development program, are 
underway in an attempt to eliminate the encoding nonlinearity and to improve the spatial resolution. 

The PSD to be used on the new small-angle diffractometer is a commercial unit (Ordela, Inc, ( 
Oak Ridge, TN, USA; model 2400N) with construction, fill gas, and encoding electronics similar to 
those of the SAD detector. The active volume in this PSD is 40 x 40 cm2, 2.5 cm thick, filled to 4 
atm with the same 3He-CF4 mixture as above. The best resolution so far achieved in actual neutron 
measurements on this detector is -6 mm fwhm, while the nominal resolution is -4 mm fwhm, so 
efforts to modify the encoding electronics to improve the resolution are continuing. Linearity 
problems similar to those found for the SAD detector have also been found for this detector, and in, 
fact the simulations so far indicate that such linearity problems are inherent to the rise-time 
encoding method. 

On both of these instruments the area PSDs are operated with part of the active area in line 
with the direct beam (Fig. 3), in order to achieve the required small scattering angles. A small 
beamstop immediately in front of the detectors is used to eliminate as much of the direct beam as 
possible, but the high-energy neutrons which arrive within a very short time at the beginning of the 
time-frame are not sufficiently well collimated to be completely removed by this beamstop. The 
pile-up of pulses from this high instantaneous intensity of fast neutrons led to a significant overload 
of the detector and electronics at the start of each time-frame, and this was followed by a long (-10 
ms) recovery period during which the detector response was subtly distorted. A single-crystal MgO 
filter was therefore placed in the incident beam of SAD. This removes most of thi: fast neutrons 
and eliminates the overload problem, and has had the additional advantage of reducing the 
background due to delayed fast neutrons. However electronic solutions to the overload problem are 
also being explored, as there are some types of measurements for which the MgO filter is not 
desirable. 

Microchannel-Plate 

The Polarized Neutron Reflectometer (POSY)13 measures the reflection of polarized neutrons 
to obtain magnetization density information in thin films or near the surfaces of bulk materials. 
The detector for this instrument is an area PSD utilizing a microchannel-plate. This detector and its 
location in the POSY instrument are shown schematically in Fig. 4. Since the detector is located 
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fairly close to-the sample, good spatial resolution at the detector is required to provide the necessary 
angular resolution. This resolution was the primary reason for this particular choice of detector. 

Fiber Optics 
Faceplate 

*Li Glass 

I 

Microchannel-Plate 
Scintillato\r (Elec5n Multiplier) 

NEUTRONS - X-Y 
- READOUT 

Mylar 
Gasket Phiocathode f 

\ 
\ \ 1’ 

1 meter 
w PSD 1-1 

Figure 4. Schematic representation of the microchannel-plate area PSD. A layout of the two neutron 
reflectometers POSY and POSY-II is also included to show the use of this PSD on POSY. The scintillator glass 
is 0.5 mm thick and has its front surface is covered with alumina powder which diffusely reflects back some of 
the scintillation light to enhance the signal. The 0.025 mm thick mylar gasket produces an air gap between the 
scintillator and optical coupler to truncate the scintillation light cone. 

A commercial microchannel-plate photon detector with integral photocathode and resistive 
anode readout (Surface Science Laboratories, Inc. Mountain View, CA; model 3006-SG) serves as 
the basis for this area PSD.13 The addition of a (%’ r-glass scintillator, 25 mm dia x 0.5 mm thick, 
optically coupled to the photocathode of the microchannel-plate assembly (see Fig. 4) provides the 
necessary sensitivity to neutrons. Schrack” has described the operation of a similar neutron 
detector for a somewhat different purpose. The IPNS detector was supplied with charge-division 
position encoding electronics to produce a digitized &bit-each x,y output from the resistive anode 
signal. However, the y-encoding was modified at IPNS to give 7 bits of position with the gfh bit 
optionally used to signal the polarization state of the neutrons. Resolution has been measured with 
neutrons to be -0.7 mm fwhm. As for the SCD detector, 6Li-enriched lithium carbonate was used 
as the shielding material around the detector, with quite low gamma backgrounds as a result, 

Linear Proportional Counters 

As shown in Fig. 4, a second reflectometer (POSY-II) lo has been constructed on the same 
beamline as POSY. The POSY-II instrument uses unpolarized neutrons. A commercial (Ordela, 
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Inc., Oak Ridge, TN, USA; model 1204N)’ 3He-proportional-counter linear PSD s.erves as the 
detector for this instrument. This detector is planar, with an active volume of 20 x 5 cm2, 2.5 cm 
thick. Position encoding is along the long dimension of the detector via rise-time encoding on the 
signals from the anode. This anode is made of a single carbon-coated quartz fiber which provides a 
high anode resistance so that good position resolution can be achieved. Measured resolution for 
this detector is -1.6 mm fwhm. This spatial resolution yields adequate angular resolution for 
POSY-II since the sample-detector distance is much longer than on POSY. The much larger 
angular range covered by the 20 cm active length provides additional versatility for this instrument. 

Abs;:Yg \, 
’ 

L \ Preamblifier 

I 
h PreamDlifier 

NEUTRON BEAM \ /- 
Detector 
Ycdulea 

/ Beam Attenuator 

Figure 5. One of the detector modules for G’LAD, showing the relative placement of the linear PSDs, 
preamplifiers, and motor-driven absorbing bar used for calibration. A layout of the GLAD’instrument is also 
shown to indicatti the locations of the 10 detector modules. 

The Glass, Liquids, and Amorphous Materials Diffractometer (GLAD)1.5p16 is optimized to 
obtain structural information from glasses and liquids. GLAD was designed to use multiple banks 
(detector modules) of linear PSDs, which permit it to handle high data rates and to cover low 
scattering angles. One such bank of PSDs is shown schematically in Fig. 5, which also indicates 
where all the detector modules are located in the instrument. GLAD is just being commissioned, 
but a prototype flightpath was in operation for two years prior to the installation of GLAD. This 
prototype enabled the making of extensive.preliminary measurements to test the new detector and 
data acquisition systems and some of the calibration and data analysis procedures. I 

GLAD contains 160 commercial (Reuter-S tokes, ,Twinsburg, OH, USA, model RS-P4-0424- 
104) linear 3He-proporti.onal-counter PSDs at the present time, and this will eventually be 
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expanded to a total of 408. These detectors are mounted in modules with each module containing 
from 38 to 53 PSDs, depending on the location of the module in the instrument (Fig. 5). Each PSD 
is cylindrical with a diameter of 1.27 cm and an active length of 60 cm, and contains lO.atm of 3He 
plus appropriate stopping gases (mostly Ar). Charge-division encoding is used to encode each of 
these detectors into 64 segments, and the resulting position resolution is currently measured to be 
-14 mm fwhm. (These detectors and the mounting arrangements++ similar to those used earlier 
on a steady-state instrument at the University of Missouri reactor and on the SAN instrument at 
the &ENS pulsed neutron source. l8 The encoding and data acquisition electronics for GLAD, 
which are quite different from those used in either of these other two instruments, have been 
discussed in detail elsewhere.4) The large integral nonlinearity near the PSD ends produced with 
the initial charge-division encoding electronics has now been fully understood and cured,l’ so that 
the entire active length of the detectors can be routinely used. Segments of these PSDs located in 
line with the direct beam have been successfully used to monitor sample transmissions6 
concurrently with the scattered neutron measurements which utilize the remainder of the segments 
of these same PSDs. 

The GLAD detector mounting assemblies, preamplifiers, encoding modules, and operating 
software have been designed to facilitate initial tuning of the position encoding, absolute calibration 
of the encoded positions, and automatic testing for drifts in calibration. These calibration-related 
features have been described in detail elsewhere.4T15,16 When the full GLAD detector 
complement is installed, data rates are expected to be relatively high (in extreme cases up to 
-2O,OOO,OOO events/set instantaneous and up to ~300,000 events/set time-averaged). PSDs were 
required to provide the necessary angular resolution, particularly at small scattering angles. Since 
area PSDs typically have severe overall instantaneous data rate limitations and are difficult to 
fabricate with high efficiency for short-wavelength neutrons, arrays of linear PSDs were used 
instead. Gas proportional counters were chosen because of their commercial availability, 
reliability, and low intrinsic background counting rates. 

V. SUMMARY 

Beam monitors at IPNS are primarily ionization chambers, operated in the pulsed mode. 
These have been quite satisfactory. They are rugged, have a high degree of reliability, sample the 
entire beam uniformly, and have a well-defined efficiency variation with wavelength. Recent 
improvements in the preamplifiers used with these detectors have extended their range of 
usefulness to very short TOF values. 

Most of the standard detectors at IPNS are cylindrical 3He gas proportional counters. These 
are very reliable and have a very low intrinsic background counting rate. Nearly 750 such detectors 
are in use on the IPNS instruments at the present time. 

Six different instruments at IPNS use neutron PSDs, and several different detector types have 
been adapted to meet the problems peculiar to these instruments and to their use at a pulsed neutron 
source. For all of these types of detectors the position encoding has been found to be quite stable 
and has shown little drift with time. Both the Anger camera and the microchannel-plate area PSDs 
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have operated satisfactorily for a number of years in their respective applications. The.la.rge 
number of linear PSDs in the GLAD instrument have been in .operation for a much shorter period of 
time. During that time their performance was satisfactory for the requirements of that instrument, 
but some improvements in the encoding electronics are still being explored The POSY-II linear 
PSD and the two small-angle diffractometer area PSDs are rise-time encoded proportional counters. 
These perform adequately for their present requirements, but have significant encoding 
nonlinearities near the detector edges. For the area PSDs these nonlinearities ‘are sufficiently severe 
that portions of the active areas of these detectors are effectively unusable. Improvements in the 
linearity, spatial resolution, and overload response of these rise-time-encoded detectors and their 
respective encodingsystems are under study. 
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Q(M.W.Johnson): Variation in BF3 monitor efficiency! What is possible? 
A(R.K.Crawford): Beam monitor efficiency for ion chamber is quite stable. There is no gas gain, so temperature 

stability is unimportant for detector high-voltage. Only the stability of the amplifier system is important, and 
this is not too critical. @on? have quantitative info, however.) 
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AN UPDATE ON ISIS DETECTORS 
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At the last ICANS meeting we reported the successful trial of a lithium loaded ZnS scintillator 
material and predicted that this would be the basis of new ISIS detectors of the next few years. 
This has in fact been.the case, and in this paper we report on the construction ahd performance 
of tliree detector types that have been put into successful operation. A fourth, PSD design,’ is 
at the prototype stage. 

IRIS DETECTOR 

The simplest of the designs is that for the IRIS backscattering spectrometer at ISIS shown in 
Figure 1. The detector consists of 51 elements each with an active area of 52 x 12 mm situated 
610 mm from the graphite or mica analyser. The detector must be capable of running in the 
IRIS vacuum tank, and Figure 2 shows a close-up of both the PM manifold (enabling the PMs 
to run at ambient pressure) and the reflectors dividing the detector elements. 

The light collection on this directly-viewed geometry is very good (Figure 3) and as a result the 
gamma discrimination (efv = 10-s) is the best of the detector types. so far constructed. 

The intrinsic background is also low, at 2 ctslelement hour and as a consequence some 
excellent science has been performed on IRIS since the modifications. As an example, Figure 4 
shows the rotor minimum in the 4He at 1.2K. The signal is a weak one which could well have 
been swamped if the detector was at all noisy. In fact, the majority of background counts in 
this pattern are either 1 or 0, enabling the signal to be clearly seen. 

HRPD 90’ DETECTOR : 

The HRPD module was constructed, both to provide the excellent noise characteristics 
available for the ZnS detector, but also to provide the large solid angle/high 0 resolution 
necessary at the HRPD 90: position. The detector consists,of six modules stacked vertically 
on top of each other, each mod.ule consisting of 66 vertical strips 3 mm wide by 200 mm high. 
These are placed 1300 mm from the sample position and hence the completed detector will 
subtend a solid angle of 0.141 sr with a 8 resolution of Ae=O.OOl rad. 

The geometry of the scintllator and light coupling to the optical fibres is shown in Figure 5 and 
a picture of a completed module is shown in Figure 6. The use of optical fibres enables more 
efficient use of PMs, but results in a less efficient light collection. As a result, the y rejection is 
slightly worse (at ef, - - 1 O-s) than that for the directly viewed IRIS detector, but is still close to 
that of a sHe detector. The lowering of the background from tliis detector is illustrated 
(Figure 6a) by the patterns recorded for mythyl pyridine both in back scatter (using Li glass 
scintillator) and at 90’ (using ZnS). 
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SANDALS lo’-20’ DETECTOR 

The SANDALS detectors for this angular range have been constructed in modules of 20 
detectors, each detector having an active area of 10 x 200 mm. The modules use 21 PMs in 
a ‘walking coincidence’ arrangement to directly view the ZnS scintillator packs on edge (Figure 
7). By adopting this geometry, a large number of scintillator elements may be placed in the path 
of the scattered neutron, and efficiencies of roughly 1.8 times that of a3He (10 bar) gas detector 
achieved at high neutron energies (10 ev). A photograph of the completed module together 
with the scintillator packs is shown in Figure 8. 

Glass spacers are used to separate the individual ZnS elements in the scintillator pack, and it 
is believed that this relatively high mass of viewed material is contributing to the high intrinsic 
background of around 6 cts/element minute. The cause is thought to be Cerenkov radiation 
from cosmic ray events stopped in the scintillator path. While this background rate is not a 
serious problem on SANDALS, efforts to reduce it are being investigated by using ‘air gaps’ 
in the scintillator assembly. 

PSD MODULE 

Because of the intrinsically high light output from the ZnS scintillator, it has become clear that 
an x-y coded fibre-coupled PSD is a real possibility. 

An outline for such a geometry is shown in Figure 9, illustrating how a bundle of four 1 mm optic 
fibres will be used to view each 3 x 3 mm active area of the detector. The fibres will then be used 
(2x, 2y) in a block coding system requiring only 32 PMs to code a 64x 64 area PSD. An example 
of the quality of the data that can be recorded from such a system is shown in Figure 10, a 
prototype 16 x 16 module in use on the SXD machine at ISIS. 

To summarise, we believe the use of ZnS scintillation in place of the Li-loaded glass of earlier 
designs is a great success, and has enabled new science and better results to be recorded on 
ISIS instruments. To give others some idea of the performance of these devices the results of 
the detectors is summarised in Table 1. 

TABLE 1 

Detector eff ic, efficy Intrinsic background 
cts/element hour 

IRIS 36% @lA 10-s -=2 
90% @ 6A 

HRPD 36% @ IA 10-s 3 

SANDALS 9% at 10 eV 1O-4 360 
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Fig. 1 
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IRIS DETECTOR 
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Q(Y.Masuda): Why did you use two phototubes for one detector? 
A(M.WJohnson): By using a coincidence technique, it gives a lower quiet count rate by eliminating much of the 

inherent noise from a single photomultiplier tube. 
Q(J.B.Hayter): What count-rate can be handled by your 2-D detectors? 
A(M.WJohnson): The dead time for ZnS is about 2 ps, with some possibility to reduce it to about 1 ps; The 2- 

D detector can therefore easily run at 50-IOOkHz without major dead-time corrections. 

Q(N.Niimura): Why do you think the S/N ratio of ZnS is so good, if we compare it with Li-glass scintillator? Is 

it the difference’of the photon production? 
A(M.W.Johnson): Yes, It is simply that the light output for ZnS is approximately ten times that of Li loaded 

glass. 
Q(C.C.Wilson): Can the efficiency of 6Li-loaded ZnS scintillator be increased by using thicker scintillator than 

the 0.4 mm used commonly? 
A(M.WJohnson): Not at present. The binder used with ZnS is not fully transparent and increasing the thickness 

will simply reduce the light output. What we need is a high refractive index transparent binder to hold the ZnS 
scintillator crystals. 
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ABSTRACT 
This paper describes several experiences using Li-glass scintillators as neutron 

detectors in KENS. Detectors reported in this paper a& an epithermal and them@ neutron 
beamline monitor, a semicircle one-dimensional position sensitive-detector and an annul& 
detector. These are specially designed, constructed and equipped iti the ieal sp&ctrometers 
in KENS. 

I. INTRODUCTION 

6Li glass.scintillators have several advantages as well as’disadvantages. The advatages are as 
follows: 1) The dead time is less than 100 nsec, and z) It is easy to modify the shape artificially, and 

the disadvatages are as follows: 1) It is sensitive for y- ray, and 2) It produces small amounts of 
photons.With the usZ,of’-the advatages of the scintillators we have specially designed three kinds of 
detectors, those are,afi epitheimal ‘and thermal neutron beamline monitorl), a sem.icircle one- 
dimensional position sensitive detector2) and an annular detector3). 

II. NEUTRON BEAMLINE MONITOR Neulrpn Beam 

Conventionally, fision detectors made of thin layers 
of 235U30g, pbwder are equipped to monitor the 
intensity of the neutron beam. In spite of good signal to 
noise ratio, they have some disadvantages such as slow 
response and complex efficiency vs energy relationship 
at epithermal energies. On the contrary, our detectors 
using 6Li glass scintillator (GS) have the advantageous 
to overcome such problems, i,e., they are prompt and 
have a simple efficiency vs energy relationship over thi: 
c6ld and epithermal range 6f iitutron energy. To cover 
the whole area of neutron beam cross section 
homogeneously and to realize minimum attenuation of 
the incident beam, we have decided to use GS in powder 
form. Fig. 1. The layout of the neutron 

beamline monitor. 
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Fig.1 shows the layout of the new type of monitor system using GS powder. 0.8 mg/cm2 GS 

powder of 95 l.trn diameter in average is coated on a thin aluminium square sheet 6x6 cm2 in area, 
0.2 mm in thickness. A pair of photomultipliers (PMTs) is attached to the side of the housing. The 
output signals of these PMTs are fed to a 2-input coincidence circuit to remove electric noise. 

The neutron counting efficiency ic controlled by changing the quantity of GS powder coating. 
As a matter of fact, the same type of GS monitor is put to practical use for transmission 
measurements by increasing the counting efficiency with the use of the thick GS powder coating. . 

These detectors have been eauiuoed in KENS’s thermal neutron small angle.scattering 
instrument (WIT). 

. II 

III. ANNULAR DETECTORS 
Annular 6Li glass scintillators are designed and 

constructed for the detector system of WIT since the 
small-angle neutron scattering (SANS) pattern on the 
area detector is annular about the beam center for the 
case of the isotropic scattering sample. If an annular 
detector is provided in SANS, the data handling system 
including electronics becomes extremely simple. Since 
a large and continuous Q range is required, annular 
detectors with different radii are preferable. 

Pieces of Li glass scintillators (2 mm in 
thickness) were stuck on the surface of the annular 
transparent acrylic resin with optical cement. The ring 
was wrapped with aluminum foil to reflect scintillation 
photons escaping out of the acrylic resin. As shown in 
Fig. 2., eight PMTs were coupled to the rear side of the 
annular acrylic resin. Thickness of the acrylic resin has 
been determined to be 5 cm so that any position where a 
scintillation event occurs can be subtended directly by 
more than two PMTs, to allow detection of scintillation 
photons in coincidence. 

sciiltillator Acrylic Acid 
Resin 

Fig. 2. The couplig of the photomultiplier 
tubes and the annular acrylic resin. 

The width of the ring defines the spatial 
resolution. The resolution of the momentum transfer Q 

for small angle (=2rt$/X, where $ is a scattering and h 
is a wavelength) is written as follows: 

AQlQ=Wh 

A@2=A@2col+A@2det , 

where Aq2,,l andA$2det are the fluctuations of 
the scattering angle which come from the collimator 
divergence and the width of the ring detector, 
respectively. 

The whole assembly of the annular detectors 
is given in Fig. 3, where #l and #2 are not used for 
measurement any more because the foot of the incident 

Fig. 3. The whole assembly of the 
annular detectors equipped in WIT. 

beam profile touches them, and #l 1 is neither used because PMTs are not yet installed there. The 
radius and the widths of 12 annular detectors are tabulated with Q range covered using neutrons of 
wavelength between 0.4 A and 6 A in Table I. 

The Q-range covered by the detector assembly is from 0.027 A-l to 0.967 A-l when 
neutron wavelengths from 0.5 A.to 6 A are used. 
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IV. SEMICIRCLE ONE-DIMENSIONAL 
POSITION SENSITIVE ;DETECTORS 

,’ I.,,,. 
When i one-dimensional position sensitive 

detector @SD) is used .on atime-of-flight(TOF) single 
crystal diffractometry, a two-dimensional area of 
reciprocal space can be accessed, because white 
neutrons of continuous wavelength are used in TOF 
diffractometry. 

To test the feasibility of the method, we have 
used the linear gas proportion&l PSD ‘and fourid the 
several problems. First&e range of scattering angle is 
very limite’d, and the positional resoltitioti at. the end 
part of the detector becomes extremely poor since the 
detector is li.near ,and the diffractd neutron .injects 
obliquely there. Secondly;the detector has a long 

dead- time (i.e. several pm). Especiall$,ifi TOF 
measurements the dead time of detectors is a big 
problem, since the peak flux of neutrons is more 
important than the time-averaged flux,dnd all the 
neutrons reaching the detectors in one burst must be 
separately detected. 

To solve the above problems, a semicircle one 
dimensional PSD using 6Li-glass scintillators (GSs) 

Table I 

has been constructed. The GSs respond to the neutron 
detection very quickly (-70 ns), and have the advantage of allowing the possibility of a semicircle 
detectors since it is easy to modify the shape artificially . A fibre optic encoding method is applied 
for position definition of the one-dimensional PSD for the TOF single crystal diffractometry, since 

in this method the over all dead time of the PSD can be guaranteed to be less than 1 psec. 
We have constructed a new semicircle one dimensional PSD. The PSD is now installed at 

the four circle single crystal diffractometer (FOX) . 
The layout of the PSD is shown in Fig. 4. A scintillation element is cylindrical, 3mm in 

diameter and 30 mm in height. A total of 384 scintillator elements sits side by side and forms a 
semicircle 45cm in radius. Flexible plastic optical fibres (3mm in diameter) are connected to both 
ends of the scitillator element. One detector element consists of 3 scintillator elements, so the size of 
the detector element is 9mm x 30mm. This size is adopted by considering the divergence of the 
incident beam and the normal degree of mosaicity in a single crystal specimen. The lowest and the 
highest scattering angle are 10.6 degree and 167.8 degree, respectively. An azimuthal angle of one 
scintillator element subtended by a sample is 3.82 degee. 

d (1sS 
scintillator 

optical 
fibre 

n 

Fig. 4. The layout of the semicircle one-dimensional position sensitive 
detectors equipped in FOX. 
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Q(C.C.Wilson): What is the angular resolution of the linear PSD on the 4-circle diffractometer i.e. What is L2, 
the secondary flight path. 

A(N.Niimura): Angular resolution is determined just by the size of one pixel, that is, 9 mm x 30 mm. L;! is 
fixed to 45 cm. 

Q(I.Kanno): In the neutron beam monitor with glass scintillator powder, how do you transport the photons to the 
photomultipliet? Do you use any reflector in the box? Are several sheets used? 

A(N,Niimura): The photons are transported though the air. No reflector. Aluminum sheet itself is a reflector. 
One sheet. 

Q(H.M.Shimizu): What is photon collection efficiency of your powder Li glass scintillator? 
A(N.Niimura): I did not calculate it, but it is just the solid angle subtended by the photomultiplier, if we neglect 

the absorption loss of photons in the air. 
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The number of formal presentations in this workshop session was deliberately limited in order 
to allow some time for general discussion of detector-related topics of interest. The five formal 
presentations corresponding to papers submitted for the proceedings and the discussions specific to 
them are summarized first. Since the full papers are available in the proceedings, these summaries 
are very brief. The detection system which was to have been presented by Charlie Bowman is 
summarized in somewhat greater detail, since there is no other paper on that system in the 
proceedings. Finally, the topics raised in the general discussion period and the discussions which 
they gave rise to are presented in summary form. 

Dr. Maeda described the development of and initial results obtained with two-dimensional 
multi-wire gas 

3 
roportional counters using a 3He-Ar-C02 fill gas. Both a 21x21 cm2 prototype 

and a 51x51 cm detector were constructed. This latter detector was developed for use on a small- 
angle scattering instrument at the KUR reactor at Kyoto. These detectors could be encoded by 
charge-division encoding, delay-line encoding, or by wire-by-wire readout, offering ::n useful 
intercomparison of the various encoding techniques. Delay-line encoding resulted in a resolution of 
-5 mm fwhm. Details of these detectors are provided in the paper “Area detector for small-angle 
neutron scattering at KUR” by Y. Mae&, M. Sugiyama, and S. Uehara in these proceedings. 

Dr. Shimizu discussed several different scintillation counters which were used in a nuclear- 
physics experiment on parity non-conservation in neutron-nuclear interactions, being done. on one 
of the neutron beams at KENS. The neutron detectors in this experiment were a IO-micron thick 
indium foil coupled with a plastic scintillator and used as a beam monitor,-and a LOB liquid 
scintillator used to detect the main neutron beam after its passage through the sample target. The 
gamma rays produced by interactions in the sample were detected using BaF2 scintillators. The 
liquid scintillator has high-data-rate capabilities which may be of interest for some neutron 
scattering experiments, as it can operate at 10 MHz data rates with no apparent problems. Details 
of these detectors are included in the paper “Scintillation detector system in neutron-nuclear 
experiments” by Y. Masuda, H. M. Shimizu, and T. Adachi in these proceedings. 
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Kent Crawford gave a general overview of the neutron detectors in use at IPNS, with emphasis 
on the beam monitors and the various types of position-sensitive detectors used there. This detector 
summary is contained in the paper “Neutron detectors at IPNS” by R. K. Crawford, J. R. Haumann, 
and G. E. Ostrowski in these proceedings. 

Mike Johnson presented Peter Davidson’s paper, which brought us up to date on the current 
status of the 6Li-containing ZnS scintillation detectors being developed and used at ISIS. Three 
instruments, IRIS, HRPD, and SANDALS now rely heavily on these detectors, and a large 
position-sensitive detector of this material is currently bein, 0 fabricated for use on SXD (see “Single 
crystal diffraction at ISIS” by C. C. Wilson in these proceedings). In all cases coincidence between 
two or more photomultipliers (PMTs) is required to produce a countable event, and this essentially 
eliminates problems from intrinsic PMT noise. For the 51-element IRIS detector, the 
gamma/neutron discrimination is -lo-* and the intrinsic background is -2 counts/element/hour. 
For the HRPD detectors the corresponding numbers are - 10e6 gamma/neutron discrimination and 
-3 counts/element/hour intrinsic background. The ZnS scintillator is nearly opaque, so the 
individual scintillator pieces are made thin to allow the light to escape. In most of these detector 
systems neutrons are incident at an angle to the plane of the ZnS scintillator in order to increase the 
detection efficiency. In the SANDALS detectors where high efficiency is required down to quite 
short wavelengths, a number of layers of the scintillator are stacked with space between them for 
the light to escape. Details of these detectors can be found in the paper “Developments on neutron 
detectors” by P. L. Davidson in these proceedings. 

Nobuo Niimura discussed some of the detectors made with 6Li-glass scintillator material at 
KENS. These have been made in a variety of geometries with several different types of encoding, 
using glass from Japanese manufacturers. Particularly heavy use is on the WIT thermal-neutron 
small-angle diffractometer, which has an area detector with concentric annular segments made of 
this scintillator, and also has an incident beam monitor utilizing powdered glass scintillator. The 
annular detector uses pattern discrimination applied to the signals from the various PMTs in order 
to reduce background noise. A wide-angle detector array of this scintillator is used on the FOX 
single-crystal diffractometer at KENS as well. More details are available in the paper “Several 
experiences of using Li-glass scintillators” by N. Niimura, H. Hirai, K. Aizawa, K. Yamada, F. 
Okamura, and M. Isobe in these proceedings. 

Although Charlie Bowman was unable to attend the ICANS meeting and hence could not give 
his talk scheduled for this session (C. D. Bowman and H. G. Priesmeyer, “Current-mode neutron 
detection for stroboscopic diffraction studies”), he was kind enough to send some materials 
describing the Bowman-Priesmeyer detection system used for very-high-instantaneous intensity (up 
to -lo11 neutrons/set) m-beam transmission measurements. This is the detection system used for 
the single-pulse test experiment reported by Peter Egelstaff above (“Experiments using single 
neutron pulses” by C. D. Bowman, P. A. Egelstaff, and H. G. Priesmeyer in these proceedings). 
The material Charlie sent has been presented for publication elsewhere (J. D. Bowmam, J. J. 
Szymanski; V. W. Yuan, C. D. Bowman, A. Silverman, and X. Zhu. “Current-Mode Detector for 
Neutron Time-of-Flight Studies”), and SO is only summarized briefly here. 
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.TJris detectionsystem-involves c.urrent-mode operation of a photomultiplier tube coupled-to-a 
thick L&glass scintillator. The detector and data cdlectionsystemare shown schema,tically in 
Fig. 1. Since the s 

sy 
stem 

cm thick NE905 
was designed to. have high efficiencies at rather.high neutron energies, a 1 

Li-glass scintillator was used. This scintillator was 13.3 cm in diameter and 
optically coupled to a Hamamatsu R1513 12.5 cm photomultiplier, The S20 type photocathode 
was used to provide the large photocathode currents (up to 1.6 HA) required at the highest 
instantaneous detectioh rates (-lO”/sec). Each of the last 4 dynodes of the lo-dynode chain in the 
PMT was connected to its individual high-voltage/high-cunent power supply in order to keep the 
last 4 dynode voltages fixed for all photocathode voltages. With this design the maximum allowed 
instantaneous anode current was 32 mA. A.transient digitizer (DSP~model2012S) was used to read 
out the resulting time-of-flight spectrum’ from a single pulse (-see the Egelstaff presentation cited 
above). The sampling time interval of this digitizer-can be varied between 50 ns and 10 ps. A 
multipole filter was used to shape the incoming signal with a time constant matched to this 
sampling time interval. The digital output of the:transient digitizer was.transferred to the signal- 
averaging memory (DSP model 4101) after each pulse. Results from a single pulse or a number of 
pulses could be accumulated there, and this memory could also be used to subtract out spurious 
signals which were in phase with the 60 Hz line frequency. 

EU-loadad Class 
Scinlillstor 

DSP ‘Yodel ZOliS DSP Model 4101 
Signal Aversgin 
bfemory (CAUAC ‘i 

Figure 1. Schematic diagram of the Bowman-Priesmeyer current-mode deutron detection system: 

Figure 2 shows .the transmission of a 238 ” U sample measured with this detection ‘system. A 
number of resonance absorption lines can’be clearly seen.. Also shown in‘the figure are similar 
measurements at much lower counting rates made using traditional pulse-counting techniques. The 
current-mode measurements did notpermit di&imination against gamma rays (as is done with 
pulse-height discrimination in the usual pulse-counting measurements}, so there is a s’ignificant 
gamma background iu the current-mode measurements. This is seen most clearly for the resonance 
at 66 eV (near500 ;$s> where the transmission goes nearly-to zero’as measured-in the pulse- 
counting mode but .is significantly above zero as measured in the current mode; ,Such gamma 
problems would likely be significantly reduced if a l-2 mm thick 6Li-glass scmtiilator, which is 
adequate for neutrons below -l.eV, were used. Despite these gamma-ray’problemd,this current- 
mode measuring technique.does offer the capability for collecting~neutron time-ofiflight,data-at the 
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extremely high instantaneous rates required to obtain adequate data from a single pulse. As the 
intensity of pulsed neutron sources continues to increase it is likely that this technique will find 
more and more uses among the neutron-scattering community. 
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Figure 2. Neutron transmission through a =‘U sample. The solid curve is the time-of-flight spectrum collected 
using the current-mode detection system discussed here. The dashed curve shows transmission through the 
same sample, measured with traditional pulse-counting techniques. The axis-labels refer to the solid curve, and 
the dashed curve has been scaled to provide rough correspondence. 

In the discussion it was noted that the session co-chairmen were developing a survey of 
neutron detectors in use or under development at the various steady-state and pulsed neutron 
sources in the world, and input into this survey was solicited from the workshop participants. 
Considerable discussion also centered on the need for very small detectors (2-3 mm) for use as 
transmission beam monitors for small-angle scattering experiments. It was noted, however, by 
John Hayter and Peter Egelstaff that any direct measurement of transmission in a small-angle- 
scattering experiment will be contaminated by the sample small-angle-scattering, so care should be 
exercised when using this means of measuring the sample transmissions. There was some 
discussion concerning the lack of uniformity in efficiency of the 6Li-glass scintillators. Glass 
obtained in Europe seems to have varied in efficiency from batch to batch, complicating the 
fabrication of detectors from this material. Nobuo Niimura stated that no such problems had been 
detected with 6Li-glass from their Japanese source. General concerns were expressed about the 
time and temperature stability of detectors and detection electronics, and the effect this might have 
onabsolute intensity measurements. No one had any hard numbers on this for any of the different 
types of detection system discussed, but there was some feeling that photomultiplier-based systems 
might suffer the most from such problems. 

In conclusion, it was very encouraging to see the large numbers of different types of detectors 
which were being operated successfully in the various laboratories, and the considerable amount of 
detector and electronics development which is ongoing. The excellent results obtained with the 
ZnS scintillator detectors at ISIS are particularly encouraging, and it is likely that the use of such 
detectors will spread rapidly to other neutron-scattering laboratories. 
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ABSTRACT 
We have developed a technique for neutron diffraction exper- 

iments in pulsed high magnetic fields to determine magnetic 

structures in 'high field. Our system is capable to produce 

pulsed fields up to 20 T every 2 sec. The experiment was 

done using MRP diffractmeter at KENS. The magnet was the 

so-called Bitter type water cooling solenoid with 40 mm 

inner diameter, 240 mm outer diameter and 220 mm length. It 

was horizontally installed on the goniometer. The ,flow type 

FRP cryostat was set in the magnet and the temperature was 

down to almost 4.2 K but there was a heating problem for 

metal sample when a pulsed magnetic field was applied. The 

first application has been done for a determination of high 

field magnetic structure of metamagnetic PrCozSi,. 

I. INTRODUCTION 
As is well known, many magnetic materials show magnetic 

phase transitions in high magnetic field and it is important to 

investigate magnetic structures in such high field phases by 

neutron diffraction. However, the magnetic field available in 

neutron diffraction experiments has been limited below 10 T .so 

far even a superconducting magnet is used. The discussion in this 

paper is on the method to do neutron diffraction experiments in 

magnetic fields above 10 T. 

There are several ways 

they are classified usually 

to produce high magnetic field, and 

.to two categories. One is 6C field 
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and another is pulsed field. DC field can be produced by using 

conventional electromagnet, superconducting magnet, water cooling 

Bitter type magnet and' hybrid magnet. The electromagnet which 

produces only 2 or 3 T is out of question for our purpose. The 

available field by using superconducting magnet is.now up to 20 T 

but when used for neutron diffraction experiment, it may be 

limited to 10 T due to complicated configuration of equipments. 

The water cooling Bitter type magnet can provide 20 T and the 

hybrid magnet which is the combination of Bitter type magnet and 

large superconducting magnet is capable to generate 30 T1). The 

electric power necessary for Bitter type magnet2) is calculated 

by 

(1) 

where H is the produced field, G geometrical factor of the mag- 

net, W,, electric power, p resistivity of the coil material. W,, 

is roughly estimated to be a few MW for 20 T in a space .of about 

100,cm". This power is converted to heat and then cooling system 

for the magnet is also huge. Then we consider it is almost impos- 

sible to use them for neutron diffraction experiments. 

On the.other hand, techniques for producing pulsed high 

magnetic field and its application to physics have been well 

developed in this decade. We do not discuss the destructive 

methods which can produce fields above 100 T3) because it is 

considered to be impossible to combine.with neutron diffraction 

experiments. In the non-destructive way, it is possible to obtain 

80 T4) by a method developed in Osaka University. But it is not 

so (a) 3Omm 

Hybrid magnet 

rlmsec 

T=2sec 

Fig.1 Methos to produce high magnetic Fg.2 (a) Cut view of the magnet and 
and time duration (b)_ top view of a disk 
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compact to be installed in neutron facility. The most convention- 
al and popular.way is to use a magnet .wound by copper wire and . 

cooled by liquid nitrogen.. This method is capable to produce 
fields up to 40-T and.is widely-used. The maximum .fi.elds obtained 
by these methods are summarized in Fig.l-,with time duration of 

pulsed field. Grossinger et a$') have tried to use single sho.t 

pulsed field with a .reactor operated ina flushed manner, .but the 
beam intensity was not strong enough to detec.t the diffraction. 

We have considered- that repeating pulsed fields synchronized 
with the neutron beam pulses will be useful for high field neu- 

tron diffraction experiments and have developed the technique for 

it6). 

II. REPEATING PULSED FIELD 
The repeating pulsed field is ,defined as a pulsed field 

which is produced cyclically with- an interval T as is shown in 

Fig.*1 . What we have to consider to design the repeating pulsed 

field are the followings: 

1) Type -of magnet. 
2) Field shape as a function of time 

3) Pulse width 
4) Interval of pulsed field 

5) Available maximum field 
6) Configuration.of installation 

1) Type of magnet 
Repeating pulsed field is the intermediate between a DC 

field and a single shot pulsed field. The heat is integrated by 

every shot and then the magnet must be cooled. The easiest way 

for cooling is to use a Bitter type magnet. We made disks with 

thickness of 1 mm and a shape shown in Fig.2(b) and stacked 
around 100 disks with insulator disks. The cut-view of the magnet 

is shown in Fig.a(a). 

2) Field shape . 

We use capacitor discharge method as is discussed in refer- 
ence 6, then the field shape is inevitably half-sin curve. For 

neutron diffraction experiments, however, rectangular shape is 

time field as is shown in Fig.3 

Fig.3 Shape of flat-top field 

in an economical way. 



3) Pulse width 

This is determined by the inductance L of the magnet and the 

capacitance C of the capacitor bank as z = m. When we use 

Bitter type magnet, L is determined by the volume of the field 

space and is of the order of 100 PH. From the field intensity and 

the volume of the field space, the energy of the capac'itor bank 

is given and from the limitation of available charging voltage, C 

is estimated to be of the order of mF. Then z is of the order of 

msec. In our case, the energy of capacitor bank is 60 kJ with 

C=1.2 mF and z is 1 msec. 

4) Interval of pulsed field 

This is determined by charging ability of the power supply 

and ability of the cooling system. The cooling rate is reduced by 

the relation 

W 
RP = (z/2T) *WDC, (2) 

for half-sin shape, where WRP is the electric power consumed by 

repeating pulsed field system. Both charging ability and cooling 

ability partly depend on budget but T-0.1 set may be a limit 

bcause the system must be compact and easy for treatment. In our 

case T=2 set as is discussed in reference 6. 

5) Available maximum field 

This is limited by the strength of the magnet material. By 

normal copper, we obtained fields up to 20 T. If we use rein- 

forced copper, 30 T may be available. For one shot pulsed field, 

maraging steel is used in Osaka University4). It has a strength 

capable to produce fields up to 40 T. When it is used for repeat- 

ing pulsed field, WDc is estimated from Eq.(l) to be about 40 

times larger than that of copper case due to almost 10 times 

larger resistivity. At present time, we can produce 20 T field by 

using copper disk magnet. 

6) Configuration of installation 

As will be discussed later, we now use a magnet whose field 

direction is almost parallel to the neutron beam direction. 

Sample is set at the center of the magnet and liquid He flow type 

cryostat is used. In this configuration, however, we consume too 

much liquid He and also the available scattering angle is small 

due to small diameter of the magnet. We are now planning to build 

a split type magnet with vertical field. This will enable us to 

use vertical cryostat and to have large scattering angle. But the 

maximum field in the gap will be reduced to about 75 % of that of 

solenoid. 
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HI. HIGH FIELD NEUTRON DIFFRACTION OF PrCo2Si2 
Only Pr has magnetic moment in 

pr this crystal and it aligns ferromag- 

netically in th.e c-plane while 

antiferromagnetic coupling with the 

-adjacent layer below T,=9 K as is 

shown in Fig.4. Between T, and T,=17 

I 

K, it turns to a long pitch -incom- 

mensurate structure with .a propaga- 

L1 ,/', 

tion vector k=O.~926 and has.ariother 

structure with bO.777 between T, 

and TN=30 K, as are shown in Figs.5 

and 67). Onthe other'hand, when an 

C external field is applied along the 

b 
c-axis at -4,.2 K, it shows metamag' 

netic transitions at 1.2, 3.8 and 

12.2 T') due to Ising like strong 
a anisotropy. From the field induced 

Fig.4 Magnetic structure of PrCo$i, 

K=l 

K=l3/14 
k=O.777? 

@ @ 

tlritllti~~t~l~t~t~tiltltlri~~~t~t~ 1 

K=7/9 K=O.926? 
@ @ @ @ 

tl~~~~~~~~t~~~ Azerro.l k=o*926 1 k=o*777. 

Temperature 

Fig.5 Magnetic alignments of Fig.6 Inferred phase diagram 
antiferromagnetic and 
incommensurate states 

moment, the magnetic structures in these states are inferred to 

be same as those 'appears in the‘intermediate temperatures. The 

results are schematically summarized in Fig.6. Our present pur- 

pose is to confirm these structures by neutron diffraction. 

The sample size was 6mm in diameter and 7 mm thickness and 

the magnetic field was parallel to the c-axis. The beam.size was 

about.15 x 10 mm2. The diffraction 'angle was kept at 28=10° and 

the horizontal rotation of the sample was limited within a ,few 
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degrees because of small.aperture of the. magnet. This configura- 

tion was enough to scan the area of reciprocal space concerning 

the expected propagation vectors. The nave length of.used neutron 

was about 1 A. Since the metallic materials cannot be used for 

both cryostat and sample holder due to eddy current heating, we 

used a FRP cryostat and a BN ceramics sample holder. The magnet 

and cryostat was set up on a goniometer which adjusted the angle 

between the incident neutron beam and the c-axis of the sample. . 

The experimental set up is shown in Fig.7. 

First we observed diffraction changing temperature at zero 

field to adjust the configuration of equipment and to check the 

sensitivity and accuracy of the system. Next we applied external 

fields up to 16 T at 4.2 K and obtained the expected Bragg re- 

flection corresponding to the complicated magnetic structures. 

The experiment was done by time of flight method. The wave length 

h of neutron beam is.proportional to time after spallation. Fig.8 

Goniometer 

‘(lPl+k) 

F'ig.7 Experimental set up for high 
field neutron diffraction 
experiment 

Pulsed field 

Bragg reflection 

I F 

Time ( ps) 

Fig.8 Synchronized pulsed field- 
to neutron.beam of .relevant 
wave length 

shows the time relation between the neutron beam with relevant-k 

and the generated pulsed field. To observe a Bragg reflection at 

high field, the field .pulse was synchronized so as to coincide 

with the neutron beam of desired ,I at the field peak. The ob- 

served Bragg reflection had a width due to resolution of detector 

and mosaic structure of the specimen and the resultant width was 

about 200 msec in time spectrum. Because of half-sin shape of the 

field, field change during this time was about 

not a serious problem in this case because 

supposed to be same in a phase when an applied 

10%. But this was 

the structure was 

field was adjusted 
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at the intermediate of the transition fields. The interval.of the 
pulsed field was 2-.5 set because of the accelerator operation 

program and then it ,took 40 ti.mes longer time than the ordinary 
experiment. However the. intensity of the Bragg refleo_tion strong 

enough to take data in an hour or two. We scanned mainly around 

(LO,O) magnetic peak and observed (1,0,1-k) satellite peak 
arising from the incommensurate structure with-propagation vector 
k. The scannLng was done by changing an angle. of the incident 

neutron beam to the c-axis of the sample. The value, of k was. 

determined by the change of incidence .angle of. neutron beam. 
Heating of sample,by eddy current occurred..during field genera- 
tion,. then the temperatire was higher than 4.2 K when the Bragg 
reflection observed in.high field. The real temperature of the 
specimen in,a pulsed field was estimated by the following way., ,We 

applied a pulsed field .just before the time corresponding to the 
Bragg reflection of antiferromagnetic state, and measured the 

reflection intensity at zero field, which reflected the tempera- 

ture just after the field application. As the relation. between 

temperature and intensity of-Bragg reflection had been obtained 

by Shigeoka et EJ~.~), we calibrated temperature using it. 

An example of the obtained data,is shown in Fag.?, in which 
the Bragg reflection by (1,0,0.777) corresponding to the.incom- 

mensurate state.is seen at 11.5 T but it disappears at 14. .T.rAll 
the data obtained,by our experiments are summarized in.Fig,LO as 

a phase diagram. The phases determined by the present experiment 

is consistent with the expected, ones from the magnetization 

measurement. 

B=ll.ST 
(IOld 

1000 1500 

time(p) 

k =0.928 

‘,; ,,.;\_ kzO.777 

I 1 1 

0 10 20 30 

TM 

Fig.9 Bragg reflection at 11.5 T which Fig.10 Confirmed phase diagram 
disappears at 14 T. l is observed point 
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IV. CONCLUSION 
We-have succeeded in neutron diffraction experiments in a 

high magnetic field up to 16 T and shown the repeating pulsed 

magnetic field is quite useful for pulse neutron experiments. 
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Q(R.~n):Canonelookattime-dependentphenomenaafteramagneticpulsehasbeenapplied? 
A(M.Motokawa):Yes,Itis easy to look at time-dependentphenomena after a field pulse. Onecan see the time 

dependenceofdiffractionaftcranpulsedfieldappliedjustbefore rherelevantX(ork). 
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STRACT 
,The development of the high pressure diffraction programme at ISIS is reviewed. Along 
with general accounts of the technique and the pressure cells used, examples of science 
carried out in this field are given. 

I. INTRODUCTION 

High pressure diffraction is ideally carried out at a pulsed spallatidn neutron source such as ISIS. 
The ability, on such a source, to collect the entire diffraction pattern from a polycrystalline 
sample at a single, fixed; scatterin 
apparatus to mmimise scattering f! 

angle enables.the convenient design of sample environment 
om the pressure cell and pressure transmittmg components. 

The elimination of the contaminating diffraction lines from these extraneous components is vital 
in obtaining reliable structural refinements from samples under hi.gh pressure. 

‘- 
The medium resolution powder diffractometer POLARIS at ISIS .(Hull and Mayers, 1989) is 
well configured to perform such science. POLARIS (Figure 1) is relatively closes to the 
moderator (sample to moderator distance Lr G. 12 m), giving high flux on the relatively small 
samples typical m a pressure experiment. It’also has a detector bank situated at a scattering 
angle of 90”, the most convenient for the examination of .samples under .high pressure. The 
POLARIS 90” bank consists of 20 3He 
88-92”, coverin % 

as detectors at fixed scattering angles in the 28 range 

and gives a Ig 
an angle of some 25” a ove and below the.horizontal plane of the instrument, 

reso ution of Ad/d-6 x 10” that ‘is essentially independent of d spacing. 

1 . . . J 
50cm 

INCIDEHT Second 
BEAM collimator 
MONITORS \ 

\ 

First collimator 

BEAM MONITOR 

(ztm FROM SAMPLE) 

Figure 1 - Layout of the POLARIS medium resolution powder diffractometer.at ISIS. 
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The advanta e of the time-of-flight technique is illustrated in Figure 2. The ability to measure 
the entire di l!fr action pattern at fixed 26 allows neutron collimation to be constructed inside the 
pressure cell, thus recluding the diffraction of neutrons from the cell casing or the Al203 insert 
from rechin the 
apertures o B 

s etectors. In the McWhan cell discussed below, these B& collimators have 
some 3 mm wide by 8 mm high for the incident and scattered beams. This enables 

diffraction patterns to be obtained which are unaffected by scattering from the pressure cell 
itself. From the figur,e it is clear that 90’ scattering matimises sample volume while minimising 
contamination from sample environment equipment. 

-Outer case 

Incident 
beam 

) 

B4 
absorber 

Figure 2 - Schematic view of the pressure cell collimation on POLARIS. 

II. MODERATELY HIGH PRESSURES - THE M&HAN CELL ON POLARIS 

For pressures up to around 25 kbar, the McWhan pressure cell design (McWhan, Block and 
Parisot, 1974) is widely used in neutron scattering. In this design (Figure 3; Adams, Hull and 



Paranjpe, 1990) the aluminium sample can is sealed with a beryllium-copper plug and is 
enclosed in a pre-stressed Al203 insert. Pressure is applied via tungsten carblde pistons above 
and below the sample can. Approximately hydrostatic conditions are maintained by including a 
pressure transmitting fluid inside the sample can. Normally, calibration of the pressure value is 
obtained using an internal ,calibrant, usually NaCl, mixed with the sample. Refinement of the 
lattice parameter of the NaCl standard then,gives the value of the applied pressure. However, in 
order to maximise the amount of sample 
available, it is sometimes 

resent in the necessarily limited sample volume 

pressures are estimated E 
referable to pe I! orm such calibration separately. In this case, the 
y comparison with the applied load versus measured pressure 

calibration determined using separate diffraction measurements on the calibrant material 
alone. The oressures obtained using this method are exDected to be accurate to within 10%. 
which is quiie sufficient for a large broportion of high piessure work. 

Maroging 
Steel 

Neutron ___ 
Window 

Alumino - 

1 I I 1 I I - 
Score 0 2 4 6 8 1Ocm 

Figure 3 - An exploded and assembled view of the McWhan clamped pressure cell. 

With the POLARIS set-up, and an effective sample volume in the McWhan cell of some 
100 mm3, it is necessary to count, at resent ISIS current of some 100 J.LA, for some lo-20 hours 
for a typical sample, to obtain data P or which a reasonable structural refinement can be carried 
out. This is not a prohibitively long time, and allows a great deal of high pressure structural 
science to be performed withm the constraints of a diverse scientific programme on a user 
instrument such as POLARIS. 



11.1 Science Using the McWhan Ceil - High Pressure Studies of Ferroelastic LaNb04 

LaNbOd under 
,structure to a erroelastic phase with the tetragonal scheelite structure. Unlike the closely B 

oes a phase transition at high temperature from the monoclinic fergusonite 

related material BiV04, the driving mechanism for this phase transition is not a soft optic mode, 
but instead is associated with the oxygen coordination around the NbS+ anion. In niobate 
compounds the N 5+ ion is 
ionic radius (0.64 x -E ) means t 

enerally octahedrally co-ordinated by oxygen but its rather small 
at the octahedral co-ordination is often rather distorted, as in the 

low temperature monoclinic phase of LaNb04. In the high temperature tetragonal phase of 
LaNb04 the Nb5+ ion exhibits tetrahedral co-ordination and it is the stereochemical 
competition between low-temperature distorted octahedral and high temperature tetrahedral 
co-ordination that is the driving mechanism for the ferroelastic phase transition. The 
application of hydrostatic pressure has the tendency to increase the number of anions 
surrounding a given cation. In the case of LaNb04, therefore, application of pressure will force 
the Nb5+ ion away from tetrahedral and towards octahedral co-ordination. Since the 
tetrahedral and distorted octahedral co-ordinations are associated with the tetragonal and 
monoclinic structures respectively, the application of hydrostatic pressure is predicted to 
increase the ferroelastic transition temperature. At constant temperature it is expected, 
therefore, that the spontaneous strain, that is, the monoclinic nature of the structure, should 
increase with increasing pressure. 

To confirm this hypothesis, powder diffraction data from LaNb04 were collected on POLARIS 
at ambient pressure and at hydrostatic pressures of 10 and 20 kbar (David, Hull and Ibberson, 
1990). The diffraction data collected in the POLARIS 90” bank are shown in Figure 4. Rietveld 
profile refinement was performed on each data set using the program TF14LS based on the 
Cambridge Crystallographic Subroutine Library (Brown and Matthewman, 1987). A typical fit 
is shown m Figure 5, with the resulting structural parameters in Tables 1 and 2. 

1.5 1.6 1.7 1.8 1;9 i-0 i.1 2:2 2:3 $4 2% 

D-spacing ( ii) 

Figure 4 - Diffraction patterns from LaNb04 collected on POLARIS at ambient pressure (top), 
10 kbar (middle) and 20 kbar (bottom). 
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4 6 8 10 ‘2. 14 
Time(ms) 

Figure 5 - Rietveld profile refinement of the data collected from LaNb04 at 20 kbar. The fitted 
line confirms that no additional peaks are observed from the alumina and other components of 
the pressure cell. 

TABLE 1 - Lattice constants and spontaneous strains of LaNb04 

0 kbar 10 kbar 20 kbar 

5.5600(4) 
5.1963(4) 
11.5067(8) 
85.886(5) 
33 1.59(5) 
3.381 x 1O-2 
3.592 x 10-2 
0.9413 
6.976 x 1O-2 

5.5602(12) 
5.1703(15) 
11.4445(25) 
85.505( 12) 
327.99( 15) 
3.634 x 1O-2 
3.925 x 1O-2 
0.9259 
7.565 x 1O-2 

5.5615(8) 
5.1616(10) 
11.4187(20) 
85.331(9) 
326.70( 10) 
3.729 x 1O-2 
4.077 x 10-2 
0.9146 
7.814 x 1O-2 

ell = (a-b)/(a + b), ~12 = tan(%(90-y)), ES = (2c211+ 2~~4% 
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TABJ R 2 - Bond lengths (A) in LaNbO4 

Nb-01 1.917 1.926 1.931 

Nb-02 1.824 1.795 1.781 

Nb -01’ 2.540 2.508 2.480 
Nb - 02’ 3.259 3.255 3.257 

La- 01 2.484 2.489 2.472 
La - 02’ 2.464 2.459 2.457 
La - 01’ 2.553 2.539 2.561 

Ia - 02’ 2.513 2.513 2.522 

0 kbar 10 kbar 20 kbar 

The lattice parameters clearly indicate a volume reduction as a function of pressure. More 
importantly, however, it is clear that the expected increase in spontaneous monoclinic distortion 
with increasing pressure is observed. Of especial note is the fact that the length of the a axis 
actually increases with increasing applied pressure. Although the precision of the structural 
parameter data is modest, because of the low counting statistics m the high pressure data, 
significant changes in the derived bond lengths (Table 2) are observed. The most marked 
reduction in bond length with increasing pressure is the Nb-O(1)’ distance, which corresponds 
to the longest bonds in the distorted Nb06 octahedron. This has the effect of polarising the four 
nearest neighbour 02- ions, leading to the observed increase in Nb-0( 1) distance with pressure. 
These trends in the observed distortions support the model of the phase transition in LaNb04 
being driven by stereochemical factors related to the oxygen coordination around the Nb anion. 

III. VERY HIGH PRESSURES - THE PARIS CELL 

In order to extend the range of pressures accessible beyond the 25 kbar available from the 
McWhan cell, a collaborative project has been set up between RAL and the Universities of 
Edinburgh and Pierre et Marie Curie in Paris to develop a cell for very high pressure neutron 
powder diffraction experiments. The aim of the cell (Figure 6), designed and constructed in 
Paris, is to reach pressures well in excess of 100 kbar. Performing neutron powder diffraction at 
such extreme pressures promises to open new, unexplored areas in structural science. 

After a considerable amount of development both of the cell itself and regarding its neutronic 
properties, the first very high pressure experiments have recently been performed on POLARIS. 

III.1 Equation of State of ‘LiD to 60 kbar 

In this experiment, diffraction patterns were measured on POLARIS from 100 mm3 of a lithium 
deuteride sample enriched (to 99%) in 7Li, at pressures u 
was used as an internal calibrant. From data collecte 8 

to 60 kbar (Besson et al, 1990). NaCl 
in soqe 3-6 hours per pressure, cell 

dimensions were obtained to an accuracy of some 0.001 A. This enables the volume 
compression versus pressure curve to be obtained to good accuracy (Figure 7). As can be seen 
from this plot, the POLARIS data, from both the McWhan (below 25 kbar) and Paris (above 25 
kbar) cells, are well explained by the most recent theoretical calculations. These data not only 
extend the pressure range over previous measurements, but also are significantly more precise. 

992 



Figure 6 - Schematic 
pressure cell 

view the Paris 

1 I I I I 
2 

P (GPO) 
4 6 

Figure 7 - Equation of state of LiD up to 60 kbar. The circles represent points measured using 
the McWhan cell on POLARIS, the squares from the Paris cell. The solid line is the best 
theoretical calculation available to date. The previous available data, represented by the dashed 
line, are seen not to agree with these recent calculations, whereas the POLARIS data show 
excellent agreement. 
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This demonstration of the determination of the equation of state in this fundamental quantum 
solid illustrates the basic physics one can probe when extremes of sam le environment are 
attained. Pressures of over 100 kbar have already been achieved, and deve P opments on both the 
Paris pressure cell and onthe POLARIS instrument are continuing in an effort to further extend 
and exploit this new field of study. ’ 

IV CONCLUSIONS AND FUTURE PROSPECTS 

Work is expected to continue on both branches of the high pressure powder diffraction work at 
ISIS, with improvements planned to both the instrument and to the pressure cells. It is hoped to 
im 

dp 
rove the count rate of POLARIS by installing a second 90” detector bank on the opposite 

si e of the sample to that currently used. In addition, the prospect of 
studies at high resolution should be realised with the installation of a K 

erforming high pressure 
1190” detector array on 

HRPD. On the pressure cell side, developments are planned on the McWhan cell to allow 
pressures up to 35 kbar to be reached, and it is hoped that 150 kbar will be obtained shortly in the 
Paris cell, with the replacement of the present tungsten carbide anvils by sintered diamond. In 
conclusion, the first year of high pressure diffraction experiments at ISIS has been rather 
successful, and has opened up the prospect of increased exploitation of these techniques. 
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Q(Y.Endoh): The McWhan cell has been readily used for the steady source neutron scattering by opening the 
window wide. Then what is advantage by using McWhan cell with pulsed sources? 

A(C.C.Wilson): Certainly at moderate pressure (-25kbar), the McWhan cell is well-established at steady-state 
sources. The ability at a pulsed source to use very tight collimation for both incident and scattered beams in a 
pressure cell experiment should allow the attainment of ultra-high pressures (2OOkbar), with designs other than 
the McWhan cell. The Besscr/Paris clamped cell is just such a device. 

Q(Y.Endoh): If anyone has an experience to use the sapphire anvil technique, I would like to know the pressure 
value reached. 

A(C.C.Wilson): John Fiiney has used a sapphire anvil cell to about 7kbar. 
Q(A.D.Taylor): Do these Besser cells operate at low temperatures other than ambient? 
A(C.C.Wilson): Yes, the McWhan cell has operated at low temperature inside an orange cryostat. Also, a cell is 

in design stage to perform high pressure work at high temperatures at ISIS. 

994 



ICANS-XI Internakwal Collaboration on Advanced Neutron Sources 
KEK, Tsukuba, October 22-26, JPPO . 

Feasibility studies for high pressure neutron powder 
experiments 

: 

diffraction 

R.B. Yon Dreele;LANSCE, MS H805;Los Alamos National Laboratory, Los’Alamos, 
NM 87545, USA and J. Parise, Earth and Space Sciences, SUNY, Stony Brook, NY 
11794-2100, USA . 

ABSTRACT 
* 

We recently performed two neutronpowder diffraction experiments on very small samples 
on the High Intensity Powder Diffractometer (HIPD); These were done to determine the 
feasibility of performing in situ high pressure/high temperature neutron diffraction 
experiments on HIPD at pressures which would exceed the previous limit of -5Okbar 
achievable in a neutron diffraction experiment, The first experiment consisted of 
examining the product from a high pressure preparation done at Stony Brook. The sample, 
which had been prepared at 65kbar and 1000°C, consisted of a small platinum capsule 
(3x3~3 mm) filled with CaGeOg perovskite . The weights of the capsule included 225mg 
of platinum and 49mg of the germanate. A diffraction experiment taking -8.6hrs at a 
LANSCE proton beam current of -53pA gave peaks of good intensity from both Pt and 
CaGe03; we could begin to see them after only 20min of beam time. The second 
experiment was to test the possibility of diffraction from a high pressure apparatus. We 
placed in the HIPD sample position the central assembly from a lOOkbar octahedral press. 
Four tungsten carbide anvils and a copper block previously pressed to 65kba.r were held in 
an aluminum frame. The sample consisted of a small bit of nickel foil (175mg) placed in a 
3mm hole in the copper block. The. active sample volume (- 1 mm3) is defmed by the gap 
(-0.7mm) between the anvils and the length of the sample (-4mm). A small portion of the 
copper block is also seen in this arrangement. This is viewed at 90” 20 through a similar 
gap between the anvils by 4 1/2”x12” 3He counter tubes. This arrangement simulates the. 
operating conditions of a high pressure run at lOOkbar and takes advantage of the fixed 
instrument geometry possible in time-of-flight neutron diffraction experiments. We 
obtained a diffraction pattern in -7.1~s and -57pA beam current which clearly showed 
peaks from both copper and nickel with no evidence of diffraction from the anvils or any 
other part of the assembly. These two experiments clearly demonstrate,the feasibility of 
performing high pressure in situ diffraction experiments in excess of lOOkbar on HlPD at 
LANSCE. 

T. INTRODUCTION 

Due to its very short incident flight path (9m), the High Intensity Powder Diffractometer 
(HIPD) at the Manuel Lujan, Jr. Neutron Scattering Center (LANSCE) provides a very intense 
incident neutron beam so that typical “little finger” sized samples frequently scatter sufficiently 
strongly so that data collection times are often much less than one hour. Thus it was possible to 
consider obtaining diffraction patterns from considerably smaller samples and in the very 
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restricted geometry of a high pressure apparatus. To explore these possibilities two 
experiments were envisioned, one on material obtained from a high pressure/temperature 
synthesis run and one on a dummy sample inside a mockup of a pressure apparatus. 

II. EXPERIMENTAL 

A high pressure/temperature synthesis of CaGe03 was performed at the High Pressure 
Laboratory, SUNY, Stony Brook, NY. A stoichiometric mixture of CaO and Gee was placed 
in a 3mm Pt capsule which was inserted in a 6x6x6mm Cu block. The Cu block was subjected 
to 65kb pressure and 1000°C temperature in the Kobe Steel DlA-6 octahedral press to effect 
the synthesis. 

For the first diffraction experiment, the Pt capsule containing the synthesized CaGeQ was 
supported in a LANSCE standard 1/4”xl-3/4” vanadium can by a small piece of Ta foil so that 
the capsule would be centered in the HIPD beam. A diffraction data set was taken over 8.7hrs 
with the LANSCE source operating at -53pA. After the diffraction experiment, the CaGeQ 
was extracted from the Pt capsule and weighed There was 49mg of CaGeO3 and 225mg of Pt 
in the sample. The Ta foil was not weighed. The part of data set with 4.8bdZO.4A obtained 
from the four 1/2”x12” 1Oatm 3He counter tubes positioned 1.25m from the sample at -153’20 
were subjected to a 3 phase (CaGeG3, Pt and Ta) Rietveld refinement using the software 
GSASl to give the residuals RW=4.78%, Rp=3.12% and x2=1.76. The results of this 
refinement are given in Table 1. 

Table 1. Results of refinement of CaGea 

CaGe03 - orthorhombic, Pbnm 

a = 5.258(3)& b = 5.271(3)& c = 7.448(4)A at 300K 

Atom parameters 

atom X Y Z 

P60 _odW l/4 
0 

0.038(6) 0.426(7) 114 
-0.266(4) O-282(5) 0.040(2) 

b = o.m8(9)A2 

The fit to the data from the final refinement is displayed in Figure 1 in three ways to emphasize 
different aspects of its quality. The orthorhombic CaGe@ structure is that of one of the most 
common distortions of perovskite2 and results from a twisting of the GeG6 octahedra as shown 
in Figure 2. The lattice parameters for the other two phases present in the sample (Pt, 
a=3.92261(6# and Ta, a=3.3035(4)A) obtained in the refinement agree quite well with the 
commonly accepted values? 
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CAGE03 49uG IH PT CAPSULE 
BANK I. 2.TWUA 155.4; L-S CYCLCI 31 ~08So.c AN0 Olff. PROF ILCS 

I .’ I I I I 1 
.’ 

1’. 0 

D-SPACING, A 

2.0 3.0 4.0. 

Figure la. Observed and calculated proftie for the CaGeOg in Pt capsule for data from 153’20 
bank on HIPD. The reflection markers are for CaGea at bottom, Pt in middle and Ta at top. 
The difference &$&&) curve is also shown. The intensities are shown as counts&X. 

CAGE05 49MG IN Pt CAPSULE 
BANK 1, 2-THETA lSS.4, L-S CYCLE: 31 0850. AN0 DIff. PROFII. 

I I I I 

I 
1.0 

D-SPACING. A 

I I I 

2.0 3.0 4.0 

ES 

Figure 1 b. The same data as shown in Figure la except that the intensities are normalized by an 
incident spectrum measured by the counter bank from a V/Nb alloy rod. The flatness of the 
background is evident in this figure. 
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CAGE03 49MG IN PI CAPSULE 
BANK I, 2-THETA 153.4. L-S CYCLE 
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Figure lc. The same data as shown in Figure la except that the calculated background from the 
Rietveld refinement is subtracted from both the observed intensities and the calculated curve. 
This shows the fit to the Bragg peaks. 

Figure 2. A sketch of the structure of CaGe03. in this view the a axis is into the paper, the b 
axis is vertical and the c axis is horizontal. Bonds are shown between the Ge and 0 atoms. 
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For the second diffraction experiment, four of the six WC anvils and the previously pressed Cu 
block from the D l A-6 press were assembled (Figure 3) .in a specially constructed Al frame so 
that the anvils were positioned to simulate the arrangement at.65kb. 

Figure 3. A sketch of the mockup of the arrangement of four WC anvils in an octahedral high 
pressure apparatus. The incident beam enters between a gap in the anvils and the scattered 
beam at 90’20 exits between a similar gap. The simultaneously illuminated and viewed volume 
is confined to the sample and does not include any part of an anvil. 

The openings between the WC anvils were -0.7mm giving angular apertures of 5.6’. A small 
bit of Ni sheet (175mg) was placed in the sample hole in the Cu block. Sheet Cd was affmed to 
outside of this apparatus to provide crude shielding leaving apertures for the incident and 
90’20 scattered beams. This assembly was placed in the HIPD and a diffraction data set was 
taken for 7.lhrs with the LANSCE source operating at -57pA. The part of data set with 
2.75812dZO.4A obtained from the four 1/2”x 12” 1Oatm 3He counter tubes positioned 1 .Om 
from the sample-at -90’20 were subjected to a 2 phase (Ni and Cu) Rietveld refinement using 
the software GSAS to give the residuals R,- -5.22%, R,=3.21% and x*=3.10. The fit to the 
data from the final refinement is displayed in Figure 4 in three ways to emphasize different 
aspects of its quality. The lattice parameter for Ni (a=3.5235(2)& agrees very well with the 
accepted value3 but the value obtained for Cu (a=3.6129(3)A)is 0.057% smaller than expected 
because of residual stress after relaxation from the 65kb synthesis run. Both phases showed 
substantial preferred orientation and the unmodeled component was the major error in the least 
squares fit. In addition, there was an extra background contribution at short d-spacings above 
the flat background found in the fmt experiment (compare Figs. lb and 4b) and in patterns 
from typical large samples. It probably arose from scattering by the anvils and the Al frame 
because the incident beam was not collimated to match the extremely small acceptance of the 
high pressure assembly. 
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Figure 4a. Observed and calculated profile for the high pressure mockup for data from 9@2@ 
bank on HIPD. The reflection markers are for Ni at bottom and Ctt at top. The difference (bbs- 
kc) curve is also shown. The intensities are shown as counts/psec. 

HIGH PRESSURE TEST 
BANK 4. Z-THETA -90.0. L-S CYCLE 

r 
9J OBSO. AN0 OIFF. PROfILES 

I I I I I 
. 

‘; 

v- 
-6 
X 

Figure 4b. The same data as shown in Figure 4a except that the intensities are normalized by an 
incident spectrum measured by the counter bank from a V/Nb alloy rod. The extra background 
at short d-spacings is evident. 
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Figure 4c. The same data as shown in Figure 4a except that the calculated background from the 
Rietveld refinement is subtracted from both the observed intensities and the calculated curve. 
The error in the fit to the Bragg peaks from preferred orientation is evident. 

III. CONCLUSION 

Clearly diffraction data can be obtained from small-samples on HlPD that when subjected to 
Rietveld refinement can give useful crystal structure information.. This result was sufficiently 
encouraging that we have performed a number of diffractionexperiments on a variety of small 
(20-3OOmg) samples with generally good results. In addition, it is feasible to perform 
diffraction experiments in a high pressure apparatus despite its extremely restrictive aperatures. 
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Abstract Nuclear polarization for the measurement of a triple correlation 
between the neutron spin, the neutron momentum and the nuclear spin in 
the neutron-nucleus interaction is discussed. Productions of polarized 
neutron and polarized lanthanum target are presented. Also, feasibility of 
polarized 3He nuclei as a polarized neutron detector is discussed. 

Introduction 

Nuclear polarization has been used for tests of fundamental 
symmetry violations, P violation and T violation. In the experiments, 
psuedoscaler terms under space/time reversal are measured. In the P- 

violation experiment, a o - k term is measured, where cr is a particle spin 
and k is a particle momentum. In the nucleon-nucleon interaction, P- 
violation effect is very small. An asymmetry in the cross section with 
respect to the helicity is about lo- 7 for the proton-proton scattering. 
Concerning T violation, only CP violation is observed in the I@ decay. If we 
assume the CPT theorem, T invariance is violated in the Ku decay. No other 
T-violation process is found yet. In the nucleus, the symmetry violations 
are occasionally enhanced. For example, P-violating asymmetries in I - ky 

terms of y-ray angular distribution from polarized nuclei are enhanced to 
lo-2-10~4. Circular polarizations of y-rays from unpolarized nuclei, 

namely cry - ky terms are enhanced to lo-3-10-J. Here, I is the nuclear 

spin, ky is the photon momentum and cry is the photon spin. Recently, far 

more enhancement has been found in the neutron-nucleus interaction. 
The largest observed effect is for a p-wave resonance of 139La at the 
neutron energy of E, = 0.734 eV. An asymmetry in the neutron helicity, 
namely the on - kn term is about 10 %l*2*3*4, where on is the neutron spin 
and kn is the neutron momentum. 

1002 



Many~ theoreticians expect ‘such large ‘enhancement also in T- 
violation effects as in. the F-violation effect596sT;k It is pro@osed to 
measure a triple correlation term, I 6 on x kn ,in the neutron transmission 

for the T-violation test. In- the T-violation experiment, transmission of 
polarized neutrons through a polarized- target is measured as it is 
schematically shown in Fig. 1; The two processes in Fig. 1 transform to 
each other under. time reversal and two rotations around the nuclear 
polarization axis and the beam axis. -The second process is reaiized by 
inversion of the neutron polarization in -the first process. The T-odd 
asymmetry which is defined as, 

AT = (T(+)-T(-))/(T(+)+T(-)) (1) 9 

is considered to be free from final state interactions, since initial’ and final 
states as well as motion directions are reversed in the two processes in Fig. 
1. Here, T(+) and T(-) .are neutron transmission for the first .and second 
processes, respectively. The’ effect of ,final state interactions is serious 

problem in the measurements. of T-odd angular correlations in y-decay and 

P-decay, since initial and final states can not be interchanged in the decay 
processes. 

n 139 La 
n 

I -time, reversal 

Tc 

A T;n 
V n 

-~-la 
139 
La 

Fig. 1 T-violation test on the polarized neutron transmission through a 
polarized nuclear target. 1 

Nuclear nolarization for T-violation -exneriment 

For the T-violation experiment, we need polarized neutron beam, 
polarized nuclear target and polarized neutron detector. We have already 
a neutron polarizer, namely the polarized proton -filterg. Protons in organic 
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material in a liquid 4He container are polarized by means of the dynamic 
nuclear polarization. The liquid 4He is cooled by 0.5 K liquid 3He from 
outside through a heat exchanger in order to avoid neutron absorption by 
3He nuclei. The proton polarization ._is 80%. Neutrons from the spallation 
neutron source are polarized upon passing through the filter. The neutron 
polarization in eV region is more than. 70% for a l-cm thick filter. 

The second problem is to polarize lanthanum nuclei. For this purpose 
we also used the dynamic nuclear polarization in a LaF3 single crystal. We 
replaced about 0.1% of lanthanum atoms with neodymium atoms. The 
space group of the LaF3 crystal is P3c1, but the crystal shows hexagonal 
symmetry by the twinning. Therefore, there are six magnetically 
inequivalent lanthanum sites into which a paramagnetic ion may 
substitutelo. The orbital angular momentum of the paramagnetic electron 
of the neodymium atom is quenched in the crystal, but the Zeeman energy 
of the paramagnetic electron is affected by the orbital angular momentum 
through the spin-orbit interaction. Therefore, the g-factor of the 
paramagnetic electron changes from the free electron g-factor, ge = 2. The 
g-factor is generally expre,ssed by a tensor. The g-tensor is same for the 
six sites, because of the symmetry property of the crystal. The only 
difference is in orientation of the principal axes of the g-tensor. We 
measured the paramagnetic resonance of this crystal as a function of 
crystal orientation. A typical result is shown in Fig. 2. In this figure, the 
crystal is rotated around the crystal a* axis, which is set to be 
perpendicular to the magnetic field Ho. The rotation angle 8 is defined by 
the angle between ,the crystal c axis and the magnetic field Ho. The 
present result is consistent with the result of Baker and Rubinsl 1. The g- 
factors for the six sites should coincide with each other at 8 = 00. The 
experimental results did not coincide, since the a* axis slightly deviated 
from the vertical axis to the magnetic field. For the dynamic polarization, 
we set the crystal orientation angle at 8 = 450. The signal of the electron 
spin resonance ( ESR ) is shown in Fig. 3 in this orientation. Here, the 
temperature of the crystal was 05 K and the microwave frequency was 
69.5 GHz. In the measurement of the ESR, a carbon resister was used as a 
b.olometer of the microwave radiation in the microwave cavity where the 
crystal placed. The dynamic polarization was carried out at the magnetic 
field of 19.6 kG. The microwave frequency was shifted from the center of 
the ESR. The shift in the frequency corresponded to the nuclear Zeeman 
energy. The microwave power of about a few tens mW was switched on 
and a nuclear polarization build-up was observed. The result is shown in 
Fig. 4. In the figure, nuclear magnetic resonance ( NMR ) signal amplitude 
for fluorine nuclei is plotted against time in minute. The polarization of 
lanthanum nuclei can be estimated from the polarization of fluorine nuclei 
by means of the spin temperature theory. The present NMR detector is not 
calibrated for the signal amplitude. We could not obtain the value of the 
polarization. However, the effect of the dynamic polarization is clear as 
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crystal rotation 8 

Fig. 2 g-factor of Nd in LaF3 as a function of the crystal orientation. 

-31 
18 19 20 21 22 23 
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Fig. 3 Paramagnetic resonance of Nd in LaF3. 
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shown in Fig. 4. The NMR signal showed small relaxation after the 
microwave power was switched off. This is also shown in Fig. 4. The 
nuclear spin relaxation time was more than several days. The present 
polarization is small, but we can improve it by overlapping the g-factors 
for the six sites so that all the paramagnetic electrons contribute the 
dynamic polarization. It is possible by setting the crystal at 8 = 00 
accurately, or by using some paramagnetic centers which show no 
anisotropy in the g-factor. We can also improve the nuclear polarization 
by using more strong magnetic field and a lower temperature cryostat, 
since the nuclear relaxation time become longer in these conditions. 

7 -5000’ () I 1 I I 

60 120 0 60 120 
time after switch on time after switch off 
the microwave (min.1 the microwave (min.) 

Fig. 4 Dynamic nuclear polarization of La(Nd)F3. 

Lanthanum nuclei in a La2Mg3(N03)12*24H20 ( LMN ) crystal can be 
of course polarizedl2. However, other nuclei have the large neutron 
scattering cross section and the concentration of lanthanum nuclei is very 
small. In this point of view, LaF3 is quite suitable for the transmission 
measurement, since the concentration of lanthanum nuclei is large and the 
neutron scattering cross section of the fluorine nucleus is very small. In 
fact, we could observe clear parity violating transmission difference for 
this crystal. A typical example is shown in Fig. 5. The dip at En = 0.734 eV 
is due to the p-wave resonance of l39La. Other small dips are due to the 
nuclear Bragg scattering. 

In the measurement of the T-violating transmission difference, we 
must control the neutron spin rotation. The neutron spin precesses around 
the magnetic field which is used for the polarization of the target nucleus 
spin. For example, the neutron spin precesses 60 turns during the passage 
through a l-cm thick target in the magnetic field of 25 kG at En = 0.734 
eV. The neutron spin also rotates around the nuclear polarization because 
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600 700 800 

incident neutron energy ( meV) 

Fig. 5 P-violating transmission difference for a LaF3 target. The solid and 
dotted lines are the results for. positive and negative helicity states, 

respectively. 

of the spin dependent neutron-nucleus interactionl3. This rotation is 
called pseudomagnetic rotation. This phenomena was observed by the 
Saclay groupl4. The pseudomagnetic rotation is obtained by the following 
equations, 

= -ynH* 
;* = 4rrN&~*P 

PNS/PB = I/ gn . ((b+ - b-)/(I+1/2))/ro 

(21, 
(31, 

(4). 

Here, yn is the gyromagnetic ratio of the neutron, Nc the number of nuclei 
in the target, P the nuclear polarization, gn the neutron magnetic moment 
expressed in nuclear magneton, r c the classical electron radius and pa the 
Bohr magneton. b+ and b- are neutron scattering amplitudes for parallel 
and antiparallel spin states between neutron and nuclear spins. The 
pseudomagnetic field H* corresponds to about 2 kG for the 100% polarized 
L aF3 crystal. We can cancel out the two rotation in the target crystal, the 
Larmor precession and the pseudomagnetic rotation by adjusting the 
magnetic field strength. After the dynamic polarization, we can switch off 
the microwave power. The microwave heating disappear and the 
temperature in. the crystal decrease. Therefore, we can reduce the 
magnetic field strength without a loss of the nuclear polarization so that 
the two rotation are cancelled out. 

Finally, we need a polarized neutron detector. 3He nuclei are quite 
suitable for the detection of polarized neutrons. The 3He nucleus has the 
large resonance capture cross section for neutrons in the eV region. The 
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resonance energy ‘is Ec = -518 keV and the width is I = 1153 keV. The 
capture cross section is about 1000 b at En = 0.7 eV. In the resonance, the 
neutron spin is antiparallel to the 3He spin. Therefore, polarized 3He nuclei 
are quite suitable to detect polarized neutrons. 3He nuclei are polarized by 
3He-Rb optical pumping. The Princeton group polarized 3 x 1020 3He nuclei 
up to 90% in order to polarize the neutron beamIs. However, the number 
is short for this purpose. Recently, the TRIUMF group polarized the larger 
number of 3He nuclei up to 60_70% by using a powerful Ti-sapphire 
laserl6. The polarized 3He nucleus number is 1.4 x 1021. The number is 
sufficient to detect polarized neutrons. The detection efficiency for 100% 
polarized neutrons is about 40% in, the detection area of 4 cm2. 

In conclusion, the T-violation test on the p-wave resonance of l39La 
is quite promising. The upper limit of the T-violating transmission 
asymmetry is depend on the neutron counting statistics and the systematic 
error which comes from an uncertainty of the cancellation of the neutron 
spin rotation in the target. We estimated we can obtain the upper limit of 
less than 10-3. Of course, we need to improve the lanthanum nuclear 
polarization and to develop the 3He polarization for this purpose. We 
believe this is not out of the present technology. 

The authors thank Prof. H. Nagasawa, Dr. Y. Saito and Dr. Y. Uchida for 
their kind help in the ESR study and Dr. F. Okamura for his kind help in the 
crystallography. We also thank Prof. H. Sugawara, Prof. N. Watanabe and 
Prof. K. Nakai for their kind encouragements. 
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Abstract 
Two examples of neutronscattering experiments at ultra-low temperatures are 
described where the spin-dependent part of the nuclear scattering is used. 

Introduct’oq 
In the ve& beginning of the application of the thermal neutron scattering, all 
possible contributions to the scattering cross-section have been calculated 
theoreticallyC11. Despite this fact and although Shull and Ferrier [2] demonstrated 
experimentally the observability of the spin-dependent part of the cross-section quite 
early, it has been utilized in only few neutron scattering experiments [3]. The reason 
for this is straightforward: Because of the smallness of the nuclear spin moment , 

the nuclear temperature at which the nuclear spin polarization <I> z 0 occurs, is at 
least three orders of magnitude lower than that needed for the electronic magnetic 
moment to be polarized. This mK temperature range became first commonly 
available after the recent development of the commercial dilution units. 
By now, starting from this mK temperature range, the nuclear adiabatic 
demagnetization can be applied to reach even lower fi and nK nuclear 
temperatures. At these ultra-low temperatures spontaneous nuclear spin ordering 
can be expected. Remembering the unique role of the magnetic neutron scattering 
for investigating the electronic magnetic properties of solids, one easily can think of 
the importance of the spin dependent cross-section term in connection with the 
nuclear spin ordering and its properties. In this contribution I would like to 
demonstrate the importance of the neutron scattering at these low temperatures by 
which new and unique informations of the nuclear spin system can be obtained. 

Neutron scatte . . P c ass-sect on 
The fundamentilnqulntities fir neutron scattering at nucleus with spin I are 
the spin-independent scattering length 

b._ b+(I+l)+ b-1 
O- (21+1) 

and the spin-dependent scattering length 

b 2 b+-b- = 
(21+1) 

where b+ and b- are respectively the scattering length for neutron spin parallel and 
antiparallel to nuclear spin. In the case of the unpolarized nuclear spins the spin- 
dependent scattering length gives the well known spin incoherent cross-section 

c&- -;I(I+l,lb12 
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With Ffi =: (r ) I defined as the nuclear polarization vector, the coherent cross- 
/ 

section for an electronically nonmagnetic sample can be written in the following 
three contributions: 

+t Cexp(iGK)b,I< * 
I 

Y 
I 

(1) 

(2) 

-5 
where P represents the neutron polarization. For the simplicity only the special 
(but most common) case of the nuclear polarization along the external field is 
considered here for the term including the neutron polarization P”(Term (3)). 
The first term is the spin-independent part, the second is the term purely due to the 
nuclear polarization and the third term is the interference term of the first two 
contributions. As can be seen the third term can be only observed if P”+O , i.e. only 
with the use of polarized neutrons. 
In the following the observation of the nuclear spin ordering in Cu through the 

second term and the polarized neutron thermometry using the third term will be 
described as examples for the use of the spin-dependent scattering length. 

Nuclea snin orderLiP in Cu 
(The delails of this experiment are given in ref. 4) 
The first experimental evidence for spontaneous antiferromagnetic (AF) nuclear 
spin ordering in Cu was found in studies of the low-frequency ac susceptibility on a 
polycrystalline sample at temperatures below 6OnlQ53 and subsequently the AF 
order in the field was.studied in detail on a single crystal[6]. The latter experiment 
yielded three different regimes in the field and entropy phase diagram. To obtain 
more insight into the complicated phase diagram, a direct study of the periodicity of 
the AF order is mandatory, which can be only performed with neutron scattering 
using the spin-dependent cross-section term (2). 
The Hamiltonian of the Cu nuclear spin system consists out of the indirect 

Ruderman-Kittel and the dipolar interaction. All theoretical calculations for the 
zero-field case predict an AF structure where, the magnetic translation period is 
equal to the cubic lattice constant. This would lead to the appearence of (100) 
superlattice peaks in the nuclear spin ordered phase. A two axis neutron 
diffractometer was specially modified for this ultra-low temperature application, 
including the vibration damping and the position sensitive detector, and installed at 
the neutron guide from the cold source in the DR-3 reactor at Rispr. A new two-stage 
nuclear demagnetization cryostat with the split type magnet for the second stage 
was constructed to allow the neutron beam access to the sample. 6%~ was choosen 
as the sample material because of the large spin-dependent scattering length for 
this isotope. The slablike single crystal with the approximate dimensions of 35*7*0.6 
mm3 with the [Olll direction along the largest edge. [loo] and [Oil) axes were 
oriented into the scattering plane and the external field, a vertical field, was applied- 
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along the [Oli] directionThe whole nuclear demagnetization stage is precooled by 
the dilution unit. Using the first demagnetization stage the sample in the field of 
4.5T is cooled to a lattice temperature of about 1OOmK. The demagnetization of the 
second stage (the sample) from 4.5T to a field below 0.3mT cooles the nuclear spin 
system to the final temperatures T<TN=GOI& After the final demagnetization the 
nuclear spin temperature begins to relax towards the electron temperature. The 
spin-lattice relaxation time in the experiment with a neutron flux of 105 n/cmYsec 
was -2Omin. which allowed the observation of the ordered phase for 7-8 min.. Fig.1 
shows the time evolution of the (100) peak after the demagnetization to the zero field, 
as observed in the position sensitive detector. The decay of the AF nuclear spin 
Bragg peak as the nuclei warm up with time is clearly seen. To obtain more 

0.25 

0.20 

005 

-1.5 -1.0 -0s 0 0.5 1.0 1.5 0 
0 1 2 3 c 

Fig. 1 
A28 (dtg) tlminl 

Fig.2 

information about the phase diagrm, experiments were also performed at nonzero 
external fields. In fig.2 the neutron intensity contour diagram of the (100) Bragg 
peak as a function of time and external magnetic field is shown. It is noteworthy 
that there is a region around 0.07mT where the (100) intensity is effectively zero, 
although the susceptibility measurement carried out simultaneously clearly 
indicates AF ordering. This is a clear indication of another type of the spin ordering 
in this phase diagram regime. The more recent neutron scattering results indeed 
show that (09393) type nuclear spin Bragg peaks are present in this regime[7]. 
The commensurate ordering vector k=(2x/a)(0,2/3,2/3) causing this type of Bragg 
peaks has not been observed in any electronic fee AF systems sofar. In the fee 
nuclear spin system Cu, the comparable size of the Ruderman-Kittel and dipolar 
interactions and the quantum effects might stabilize this novel ordering vector. This 
results add a new aspect to the old problem of the frustration in the fee AF system. 

Polarized neutron thermometrv 
(The details of this method are described in ref. [8].) 
In the following measurements we have used polarized neutrons to determine the 
nuclear temperature of Cu in the range between 1006 and 2OmK. Using the cross- 
section formula above the Bragg intensity for the fee lattice with four atoms per unit 
cell can be written as 

I, =16 ( b,,& b,b IP,IPNI + (;I b2 Pn2) 

for an extinction-free case. 
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The flipping. ratio (FR), i.e. the ratio. between the intensitv of scattered neutrons in 
the two spin state then is 

This equation gives the relationship between the nuclear polarization and the FR, a 
quantity which is less sensitive to experimental errors than the measur&$& of 
absolute intensities. In th8 paramagnetic regime the nuclear polarization P, is 
related to the nuclear temperature T, via the Brillouin fu&ction.BI: 

P,+( YszB 
/ kT* 

) 

where yn is the gyromagnetic ratio of the nucleus and B is the applied external field. 
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The following neutron diffractometer set 
up was used (fig.3). Neutrons from the 
cold neutron guide are monochromatized 
using a vertically pyrolytic graphite 
monochromator(a). The beam is then 
polarized by a supermirror bender (b). 
Permanent magnets are used to 
magnetize the vertical guide fields before 
and after the cryostat(c). A dc-flipper(d), 
located in the guide field in front of the 
cryostat , determines the + or - 
polarization of the beam. The Bragg 
reflected neutrons at the sample is 
detected by the main counter (e). The 
sample enviroment is identical to that of 
the nuclear spin ordering experiment 
mentioned above. The beam polarization 
is monitored by an analyser system in the 
through going beam behind the sample 

using a magnetized Cog2Feos analyzer 
crystal(f). 

Although this thermometry is in princip 
calibration free, the extinction effect of the 
single crystal Bragg intensity does cause 
the deviation of the relation I = /FF and 
hence a calibration over the entire 
temperature range is required. Because of 
the limited space available I only show the 
result of such a calibration (fig.41 without 
going into detail but mentioning that the 
Co thermometry was used in the BIT 
range of B<4T and T>3mK. For even 
larger B/T-values the temperatures were 
determined by extrapolating back the 
warm-up curve to the measurable 
temperature after having first cooled the 
system below 1mK. The more interested 
readers are referred to the original paper 
[S]. The calibration depicted in fig.4 is for 
x =2.4 A. The solid curve is th6 calculated 
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metal correction, which causes the measured curve not intersepting FR=l at Pn=O. 
Once this calibration is done the nuclear polarization, hence the nuclear 
temperature at given external field, can be determined bv measuring the FR. 

As an application a @pi&l heat leak 
measurement of the Cu system is shown 
in fig.5 This measurement was carried 
out in an external field of 1T and it covers 
temperatures from 0.5 mK upwards. The 
curve through the experimental points 
corresponds to a constant heat leak of 
&=14nW, which describes the 
experimental data well over the 24 hours. 
For studies of nuclear ordering such an 
heat leak measurement is of extreme 
importance to reduce the heat input to the 

nuclear stages to a very low level. 

To conclude I have picked up two examples to demonstrate the use of the spin 
dependent part of the nuclear scattering length. Unique and important 
informations on the nuclear spin system can be obtained. To utilize this possibility 
neutron scattering at ultra-low temperatures is indispensable. 
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Q(R.Pynn): Do you think there is any possibility of doing inelastic scattering experiments from nuclear ordered 
systems? 

A(K.Kakurai): To be honest, I haven’t done any quantitative collection. But it will be difficult because of the 
following two reasons: 

1) Expected low excitation energies in these systems and hence an high energy resolution needed, 
2) Low intensities combined with the limited flux available for the measurement. 
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The workshop on neutron scattering,data analysis, held at the Rutherford Appleton Laboratory 
.in March 1990; included 22 presentations, .21 of which are included in the IOP Conference 
Series No 107 to be published in November 1990. Table 1 lists-the contributions and their 
authors. In a talk of this length is is obviously impossible to mention them all, and I have 
therefore made a personal selection, highlighting those talks which will be of interest to the 
widest neutron scattering community. 

The first is the paper by Ron Ghosh and Adrian Rennie on small angle scattering. They asked 
the simple question ‘Are existing SANS results correct’ - bearing in mind the fact that the 
scattering is assumed to be elastic when it often clearly is not. They answered this question 
by introducing time-of-flight analysis onto the D17 instrument at the ILL. Figure 1 shows the 
SANS patterns for perdeuterated polystyrene (PS-d) in hydrogenous toluene, at a series of 
time-of-flight. The inelastic contribution is quite clear. Analysis using just the elastic channels, 
Figure 2a, and the total scattering, Figure 2b, show small, but significant, differences. For 
example, the derived radius of gyration is 24.7A (elastic scattering) whereas the conventional 
analysis from the totally scattered neutrons gave 25.9A. The authors were able to show that, 
in this example, despite the considerable thermalisation in the sample, the subtraction of the 
background toluene pattern largely removes the inelastic effects, resulting in substantially 
correct results. Although only a few percent error is introduced in this example, the authors 
point out that for models involving greater weight at high Q (Porod’s Law) or Fourier transforms 
the results could be substantially worse. 

In reflectometry we had two complementary contributions. Jeff Penfold presented the 
‘classical’ approach of model fitting, illustrating the method with simple examples. Figure 3a 
shows data from a single ‘perfect’ surface well fitted by the Fresnel law; 3b shows a 48 layer 
Langmuir Blodgett film modelled by a single uniform layer of 1186A with roughness of 20A at 
the air-film and film-substrate interfaces; 3c shows that at higher Q a 20 layer Langmuir 
Blodgett film requires the specific inclusion of the bilayer structure to include the Bragg peak 
observed at 0.12 A-t. 

DavindaSivia presented some MaxEnt results in which the density profile S(z) (6 is the average 
neutron scattering length density, z = depth below surface) is determined by inverting the data 
using the MaxEnt formulism. A number of striking successes were presented (Figures 4,5 and 
6), which also illustrated the insensitivity of the data to translation (i.e. p(z+a) =S(z)) or 
inversion 6(-z) = B(z). A clear example was also given of the technique producing quite the 
wrong answer (Figure 7) which should act as a cautionary note. However, this example was 
retrieved when further information was supplied (Figure 8). Clearly this method shows promise 
- but also.some additional work in establishing the confidence levels one can place in the result. 

In liquids and amorphous diffraction the session was treated to a ‘live display’ of data analysis 
using the Reverse Monte Carlo (RMC) technique by Bob McGreevy. In standard Monte Carlo 
methods, atomic or molecular configurations are determined by minimising an energy cost 
function, subject to certain constraints, using a weighted sampling procedure. In this case the 
‘cost function’ is derived from theoretical interaction potentials. In RMC the ensemble of atoms 
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is modified with the aim of reducing x2 until it reaches 1. The ‘cost function’ is now the 
disagreement between model and observed data. The beauty of the technique lies in its ability 
to combine different types of data into the analysis. Figure 9 shows the fit of an atomic ensemble 
to both the X-ray and neutron structure factors for vitreous silica. From this model it is then 
possible to calculate three partial radial distribution functions - from only two measurements! 
In addition, RMS produces a 3-d structure from which broad angle distributions may be 
calculated (Figure 10). 

Another problem tackled by RMC is liquid sulphur - is the structure based on rings, chains or 
a mixture, and what happens at the viscous transition? RMC fitting to the structure factor at 423 
and 503K (either side of the transition) gives a structure of entangled, broken chains. The 
average coordination is close to 2, although this comes from 40% 2-coordination + 40% 1 

or 3 coordination. The interesting point is that with RMC the model may be constrained - and 
doing this to produce 92% 2-coordination led to results equally consistent with the data. 
Examples of high and low 2 coordination are shown in Figure 11. 

The crystallographic section of the meeting also produced two excellent presentations on the 
use of MaxEnt methods. In the first, Papoular and Gillon showed how the limited data from 
polarised neutron diffraction data may be inverted successfully to determine magnetic 
structures. In a model example (Figure 12) two positive and two negative magnetic moments 
are used in a 2-d example. Figures 12a, 12b and 12c show standard Fourier transforms using 
increasing numbers of reflections, the ME reconstruction (Figure 12d) eliminates truncation 
effects and quite clearly exhibits the two small negative moments. In a ‘real data’ case the 
chemical bonding in tanol suberate was examined. Figure 13 shows the results. Standard 
Fourier analysis does not resolve the electronic density about the NO group (Figures 13a, 13~) 
whereas the ME procedure yields clearly resolved features (Figures 13b, 13d) and moreover 
gives a good value of 3.7 PB for the average magnetisation per unit cell again 3.2 f JJB obtained 
from independent, macroscopic measurements. 

Another. use of ME in crystallography has produced outstanding results. A paper by Bill David 
(RAL) described how excellent Patterson maps may be obtained using the MaxEnt technique 
and the results shown to be correct. David has used experimental data from rutile (TiO2) 
recorded on the POLARIS spectrometer at ISIS (Figure 14). Using conventional equipanition 
of overlapping powder lines and Fourier inversion, the maps shown in Figures 15a, 15b and 
15c are obtained. Using the criterion of maximising ‘Patterson Entropy’, the maps in 
Figures1 5d, 15e and 15f are obtained - which are certainly sharper. These are not only sharper 
- but correct - since these Patterson peaks are in excellent agreement with the known 
interatomic vectors. Confirmation of the validity of the method is also provided by a 
back-calculation of individual structure factors to obtain a R-factor for the two methods : 

REQ = 34% 
RhnE = 14% 

This method also holds great promise as the first stage in structure determinations based on 
Patterson inversions. 

In the section on general techniques the meeting was given an excellent review of the subject 
of simulated annealing. As its name implies, the method attempts to mimic the solidification 
or annealing process that occurs in solid-liquid transitions to obtain a global minimisation to 
optimisation problems. The applications are vast ranging from the mathematical (travelling 
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.salesman problemd) to engineering (VSLi placement and routing problems) and scientific 
(structure determination). In.fact; 4he method has been used in-a similar way to RMC (which 
it proceeded) to solve structures directly. by minimising. the R-factor. M?re dragatically, it has 
also been used to determine zeo!ite .cry$tal structures from tryst@-chemistry rules alone. 

Finally, two papers on MaxEnt poihted to neti future directions in the field. The one by John 
Skilling introduced the subject to non-experts - but also alluded to the new work on confidence 
intervals that may be calculated using ME. This new software -; MEMSYS III - provides this 
facility, ‘and this should help make the technique more widely acceptable to the scientific 
community at large. 

The second of these two papers was’by Al&n Sop&’ (RAL) who dared to raise-the question as 
to whether the ME criterion, while powerful, was sufficient in certain circumstances. He notes 
the difficulties of ME in inverting certain problems (especially the S(Q) -g(r) inversion) and the 
fact that apparently “noisy” solutions can have the same entropy as ‘smooth’ solutions, see 
for example Figure 16. (_ 

_ 

I would like to conclude with sdme remarks of my own which were not made at the WONSDA 
meeting. I believe that the MaxEnt method, at its root9, is perfectly sound - the problem is that 
the theory has been developed for .probability distributions’ and has been applied without 
sufficient questioning to spectra. Spectra have some of the attributes of probability 
distributions, but are not identical. It is in some ways a tribute to the ME method that it has 
worked so well for spectra.. 

‘. 

To illustrate the point I Show Figure 17. The data are crqsses and two possible.lsolutions’ are 
shown by the dotted or dashed lines. Both of these lines have the same x2 and entropy, and 
hence would be equally acceptable to a ME algorithm. The point about a spectrum is that it 
is an ordered series of values, whereas a probability distribution isnot. Hence the ME criterion 
cannot distinguish one solution from another. However, Bayes Theorem has the power to allow 
us to include a ‘desirability‘ (from Occam’s Razor) criterion yithin the prior to enable these 
distinctions to be made. Some work nQw has to be d&e on the Mathematical formulation of 
Occam’s Razor, and its inclusion into a Bayesian/ME formalism. 
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J Pannetier. Simulated- Annealing: an introduction and a few 
applications to problems of structure determination 

R L McGreevy Reverse Monte Carlo (RMC) simulation: modelling 
disordered structures from diiaction data 

D A Keen 

P Wolfers 

Determining structural disorder in crystalline materials by 
Reverse Monte Carlo (RMC) simulation 

MXD: A general least-squares program for non-standard 
crystallographic refinements 

R P Piltz On the normalization of spalfation-source powder 
diffraction data 

M Anne 

C C Wilson 

J Skilling’ 

R J Papoular 

Real-time neutron powder diffraction study of MoOs.2HsO 
Topotactic Dehydration 

Data analysis of reciprocal space volumes 

Quantified maximum entropy data processing 

Maximum entropy reconstruction of spin density maps in 
crystals from polarised neutron diffraction data 

WI F David Unscrambling powder diffraction data 

D S Siiia The Bayesian approach to optimal instrument design 

A K Soper An amateur’s guide to the pitfalls of maximum entropy - or 
- a practical solution to two well-known problems in linear 
inversion of experimental data 

M J D Powell* 

A Smith 

Radial basis function methods for muttivariable 
approximation 

Table 1 

Analysis of quasielastic and inelastic scattering data from 
crystal analyser instruments 

H Tietze Computational aspects in scan performance of the 
Rotating Analyser Crystal Spectrometer ROTAX 

A C Hannon ATLAS - A package of routines for the analysis of 
time-of-flight diffraction data from liquid and amorphous 
samples 

F Cilloco A normafiition procedure of liquid diffraction data based 
on the knowledge of the sample neutron cross section 

K M Crennell NUVU, a program for the visualisation of neutron scattering 
data based on UNIRAS 

C-K Loong’ S(Q,E) analysis for chopper spectrometer data 

R Osborn Mutti-phonon and muttiple scattering corrections to S(Q,o) 

G J Kearley CLIMAX - recent extensions 

J Penfold’ Analysis of neutron reflectivity data using constrained 
model fitting 

D S Sivia Maximum entropy analysis of reflectivity data - some 
preliminary resutts 

C Moreton-Smith GENIE Version 3: A tool for neutron scattering data analysis 
and visualisation 
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Fig. 1 A set of 64 two-dimensional spectra for lmm water (25 C) as a function ’ 

of time-of-flight (raw data). The grey scale goes from light to dark with 
increasing intensity. The time scale for neutron arrival starts at short times in the 
bottom left hand comer and increases by rows from left to right and from bottom 
to top. The most intense signal corresponds to elastic scattering of.12 A neutrons 
(time channel 46). The detector is 6 degrees of axis and the beam stop protecting 
the detector from the incident beam is off-centre showing as a white spot on each 
frame; The large fraction of inelastically scattered neutrons is evident from the 
intensity at short times of flight. 
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Fig. 2 (a) Elastic scattering for PS-d in toluene with fit of Debye function and (b) 
total scattering, all time channels, with best fit to data (solid line) and the model 
fitted to elastic data resealed (dashes) The latter data show the deviation at large Q 
values due to an over correction with water. 
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Flgure 4 (a) Simulated refktivity data. (b) The MaxEnt reconstruction of the depth profile. 
(z is in units of A, and B is in units of A’.) (c) The fit to the data. (d) The (true) test profile. 
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Figure 7 : (a) Simulated reflectivity data. 
(c) The fit to the data. (d) The test profile. 

(b) The MaxEnt &c~n&uction of the. depth profile. 
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Figure 9. Structure factors for vitreous silica: neutron diffraction (upper graph) and 

X-ray diffraction (lower graph). Broken line - experiment; solid line - RMC fit. 
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Figure fo Bond angle distributions for vitreous silica. Maximum bond lengths are 

defined by the first minima in the appropriate partial radial disttibution functions. 
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Figure 11 S-S bonds in sections from configurations for liquid sulphur at 423K: high 

2-fold coordination (upper graph) and low 2-fold coordination (lower graph). 
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Fig.12 Simulation involving two positive (+1.25p~) and two negative (-0.25~~) mag- 
netic moments. The unit cell is assumed to be orthorhombic, and the only symmetry 
operations are the Identity and the Inversion, The *projection is taken along the a’ 

crystallographic axis. The reconstructed magnetisation density is expressed in p~jA*. 
The size of the image is 50*50 pixels. 
Orthographic projections in crystallographic units: 
A,B;C : straightforwtid Iriverse‘Fourier transforms-for an increasing number of reflec- 
tions (23,72, and 262 respectively). Using more Fourier components does ‘not eliminate 
truncation effects. 

,, ;_ 

D: Maximum Entroiy reconstruction tiing the same.23 reflections.& in Ai Truncation 
effects have vanished and the two negative features are now clearly apparent. 

.’ 

; 

’ 

: 
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Fig. 13 A real data case: tanol suberate. The magnetisation density is projected 

along the a’ axis. The data consist of 69 independent Fourier components. The size of 
reconstructed image is lOO*lOO pixels. 
Above, contour maps. A: Fourier, B: Maximum Entropy. The contour levels are 

the same in both A and B. The dotted lines refer to negative contours. Levels are 

f.03, f.09, f.15, f.21.. . ~B/A’. The Maximum Entropy reconstruction clearly re- 

solves the density about the Oxygen and Nitrogen atoms, whereas the Fourier re- 
construction does not. 

Below, 3-D orthographic projections: C: Fourier, D: Maximum Entropy. The Maxi- 
mum entropy reconstruction shows that the weight of the pz orbital for the Oxygen 
is close to that of the pz orbital for the Nitrogen. The larger peak results from the 
overlap of the projections of both orbitals. 
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Figure 14 

The observed (dots) and calculated (line) profiles for TiO2 obtained using the POlARiS powder 
diffractometer at ISIS. The d-spacings range (a) from MA to IA and (b) from IA to 2.9A. The 
tags mark the positions of Bragg reflections and clearly indicate the severe peak overlap particij 
lariy at short d-spacings. 
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Figures 2a-c: Sections of the Patterson map synthesised by Fourier transformation of the 
squares of the structure factor magnitudes obtained from the Pawley-type profile refinement of 
TiO2 and subsequent averaging of a sphere of diameter 0. sA. The broad structural features indi- 
cate approximate vector positions but ze severe/y distorted by misapporlioning of intensities 
and truncation errors. The first two maps range over the full vplane at (a) z= 0 and (b) z= ‘/1. 
Figure 2c is a magnification of Figure 2a with 0.2 < x < 0.5 and 0.2 < y < 0.5. Figures 2d-g: SeC- 
tions of the Patterson map obtained by maximum entropy reconstruction from the observed 
clumps of Bragg intensities. The features are extremely sharp and are correct/y located at inter- 
atomic vector positions. The map ranges in Figures 2d-g correspond to those of Figures 2a-c. 
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Q(J.B.Hayter): What are the implications of inelastic scattering in SANS experiments p&form&l at pulsed souxks? 
The Rennie-Ghosh experiments indicate that they may be significant, especially at short incident wavelength. 

A(h4.W Johnson): Since T.O.F. LOQ experiments record the same Q information at different angles, there is the 
‘in principle’ possibility ok disentangling the elastic from the total scattering. 
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ABSTRACT 

The *lJorgensen" profile function conventionally used to describe the shape 
of observed Bragg peaks in time-of-flight powder neutron diffraction fits 
individual peaks very well. However, the wavelength or plane spacing 

variation of the parameters of the components of this function, as they are 
conventionally represented in Rietveld analysis, is inappropriate for 
fitting data extending over a wide range of plane spacings, d. We have 
developed a new representation of the d-dependence of the profile parameters 
which are generalizations of Pade' approximants, have built-in physically 
realistic large- and small-d limiting behavior, and provide better fits to 
parameters derived from individual peak fits than the conventional forms. 
We report the results of tests of the new parameterization of the profile 
functions. 

I. Introduction 

Figure 1 illustrates the Jorgensen profile functionl, which is the sum of 
truncated rising and falling exponentials normalized to the same value at t-0, 
convoluted with a Gaussian function. LY is the coefficient of the rising 
exponential, /3 is the coefficient of the falling exponential, and to is the 
centroid and (I the standard deviation of the Gaussian. All parameters are 
functions of d, the plane spacing of the reflection presumed to produce the . 

reflection. For detectors at a given scattering angle 20, d variation is 
equivalent to X variation, since X = 2dsin 8. We discuss the profile function as 
a function of time-of-flight, t, the observed variable, with parameters fixed 
according to the corresponding d (or h) and 8. Even though the function is of 
very simple form, experience reveals that it is capable of reproducing the shape 
of Bragg peaks to quite acceptable accuracy, with only a small systematic 
deviation near the maximum which is just noticeable in data having better-than- 
average statistical precision. 

The goal of the present work is to develop generally applicable mathematical 
forms containing wavelength (d spacing) independent parameters specific to 
instrument and scattering angle, which represent the wavelength (d spacing) 

dependence of the parameters of the Jorgensen profile function. 

I 
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Figure 1. The Jorgensen 

II. 'Pade* Approximants 

profile function. 

Pade' approximantd* are ratios of polynomials 

f.(x) = xp = ;P P, (xl 

cafe biXi P,(?f) 
(1) 

where a0 , b. , aNN and bND are all different from zero. 

The leading terms of a Taylor expansion of (1) are related-to the leading 
terms of a Taylor expansion of f(x) in a simple way. 

f (xl =*g* f,x” 

a, =~~~‘bn+p_kfk I (osnNN) . 

Similarly, if in a Taylor expansion in y = l/x, 

S!(Y) =*go g*Y” 

the same polynomials can represent g(y) --. 

g(y) =‘yq ‘N(-) 

q) WY) 

if 

b n_q+kgk I (O’*‘NN) l 

(2) 

(3) 

(5) 

(6) 

Equations (3) and (6) can be used to place conditions on the limiting 
behavior of the function. 
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The lowest order terms in the Taylor expansions for large and small x are 

and 

l$im_f (x) = 
aNN 

x (P+NN’ND) 
and- 1 bN~-l 1 
- - 

bND any l-l bN~ x 

lpo f (xl +fL.P 1+ AL-_% x. 

0 I I aO b0 1 I 
(7) 

(8) 

These properties of Pade' approximants, namely the natural way in which 
limiting behavior required by physical constraints can be built in, led us to 
choose them for the present purposes. To limit the number of parameters in 
the functions, we have chosen particular forms of Pade' approximants, namely 
ones in which most of the disposable ai's and bi 's are equal to zero. 
Further, we allow NN and ND to have non-integer values, so that in this sense 
our functions are not properly called Pade' approximants. A necessary 
constraint on functions in the present context is that the denominator 
polynomial may have no zeros for real, positive d. When positive-definite 

quantities appear, we represent them as squares of fitting parameters, 

respecting the fact that our computer codes operate in the field of real 
numbers, while the nonlinear least squares routines used for fitting require 
smooth behavior of the functions with respect to the fitted parameters. 

III. Diamond Pow&r Calibrant 

To provide well resolved peaks at the smallest possible wavelengths (d 
spacings), we use a diamond powder sample with grain size of about 150 m. 
(The diamond lattice constant is about 2/3 that of the frequently used 
silicon powder calibrant.) The grains are purposely large to avoid grain 
size broadening effects in the measurements, but their large size leads to 
significant primary extinction effects. The extinction affects the peak 
intensities, but does not alter the shapes of individual Bragg peaks. 

IV. The Coefficient of the Falling Exponential, B 

The principal motivation for including a falling exponential in the profile 
function is to represent the decay of the fundamental eigenfunction in the 
flux distribution in the moderator. Since the fundamental eigenfunction 
dominates the energy distribution at long wavelengths, fl is expected to 
approach a constant in the limit of long wavelengths. Experience shows that 
fl approaches the long wavelength limit from shorter wavelengths as 
(constant)/Xq, where q = 4. On these grounds the present Rietveld codes 
parameterize the d-variation of fi in the form (9). This form cannot describe 

6 = 0, + Pl/d4: (9) 

the behavior of B(d) for small d, where (9) diverges non-physically. 
Typically, the profile parameters exhibit several inflection points, because 
of the complicated wavelength dependence of the moderator pulse shape, so a 
more complicated form is required. 
Noting that the decaying exponential must describe the short wavelength 
behavior of the moderator pulse, which is of the form 
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#(X,t) a t e 2 -a(X)t Cm 

where at short wavelengths, a(X) -+ (constant)/&, fi must be inversely 
proportional to X for short wavelengths, 

l~~olp(xI = -(constant)/h. p1 
: 

To the extent that B describes geometric effects, ,f3 must-also tend to the 
small-X li.mit,as l/X (l/d). Thus, the form representing fi must be modified 
from (91 at short wavelengths (small d) in some smooth way. We propose the 
form 

I 

B(d) = t&,/d) 
1 + bd" 

(12) 
1 t K2dn-l 

which has the limiting behavior 

l&~00(d) = .P,/d (131 

and (not quite correctly, but simply) 

l$n_S(d) = flo(b/K2,(l + l/bdn - 1/K2dn-l) (14) 

Figure 2 shows the results of fitting (12) to data from the 150' bank of 
detectors in the SEPDl, using the diamond powder sample. The experimental 
values for fl were derived from separate fits to the observed, resolvable 
peaks. 

u-l 
d 

Id 
iii 
m 

P(d) = &/d) ' + bdn 
1 + K2dn-l 

P, = 0.087 
b = 11.7 
K = 4.91 
n = 8.89 

Figure 2. Data and fitted curve, equation (12) for the fl parameter 
descfiibin.g Bragg peaks measured at 28 = 150' in the SEPD. The unit of fl is 

usec ; the unit of d is A. 
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V. The Gaussian Width Parameter 

The width of the Gaussian function o(d), must describe the composite of many 
geometric effects, including the many contributions to the angular 
distribution of diffracted neutrons, and also must describe the shape of the 
moderator pulse. Certain sample scattering effects also appear in the 
Gaussian width function. 

contributions to a*; 
All these effects add as squares in their 

this justifies their description as a Gaussian functioni 
according to the central limit theorem. The geometric contributions are 
strictly proportional to d (or X). Moderator effects have very complex 
wavelength dependence, but in the limit of small wavelength, these must 
contribute to (I as a term proportional to wavelength. It is found 
empirically that o behaves as a + bd at long wavelengths, where the constant 
b is not the same as the slope of Q at small wavelengths. 

We have chosen to represent o(d) as 

*0 * + old n-1 + 02*dn 

o(d) = d (15) 
d" + K* 

Figure 3 shows the resulting fit to data from the 150' bank of detectors in 
the SEPD, using the diamond powder sample. 

u. = 0.382 
o1 = -3.9 
o2 = 3.1 
n E 7.93 

K = 0.158 

0 
d 

Figure 3. Data and fitted curve, equation (15), for the o parameter 
describing Braggpeaks measured at 28 = 150' in SEPD. The unit of o is psec; 
the unit of d is A. 
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VI. The Gaussian-Center Time, .to - . : _’ 
‘_ 

The Gaussian center time, to, is dominated by the contribution from the total 
flight path which is proportional to d (or X), and contains a constant 
contribution that can be identified with the electronic time delay in the 
time origin pulse. to is not the me,an time associated with the Bragg peak, 
since the rising and falling expone.ntial.func.tions do not in general 
represent a symmetric function. 
moderator pulse-in a complex way. 

Furthermore, to depends on the shape of the 
We have chosen to represent t,(d) as 

+ t3dn-' + tq2dn 

t, (d) = tl + d . (16) 
d" + IS* 

Figure 4 shows the results 'of fitting data from the 150' bank of detectors in 
the SEPD, using the diamond powder sample. 

8 
.z 
al 

3 

to(d) = 
d" + K2 

t1 - 
t2.= 
t3 =_ 
tq = 
n = 

-2.07 
,162.6 
45.1 
86.9 
2.39 

I - 1 1 K = 1.87 I -..,: -’ 

I..- . . . y : -- 

.’ 

< 

0.0 1.4 
cl 

.Figure 4. The difference betweeh the da&a and the fitted ~czzrve, e&ation(l6) 
for the to parameter describing &a&g peaks.measured'a& 28 = 150' in SEPD. 
The'unit of to is psec; the unit bf d is _A. 

VII. The Coefficient of the Rising Exponential, CY 

The coefficient of the rising exponential, a(d), represents mostly the effect 
of detector height (at least at backscattering angles)., As such, it 

describes strictly a geometric effect, and is expected-to be simply 
inversely proportional to X (or d). Although cy is a necessary parameter; the 
profile functions are not highly sensitive to the value of (Y, therefore'data 
tend to be poor, but the need for accurate values is correspondingly small. 

We choose to represent 

a(d) t y/d. (17) 
'. 
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Figure 5 shows 
using equation 

the results of fitting 150' SEPD data to diamond,powder data, 

(17). 

0.0 1. 
d 

30 

Figure 5. Data and fitted curve, equation (17), for the u parameter 
describing Bragg peaks measured at 20 = 150' in SEPD. The unit of 41 is 
psec'l; the unit of d is A. 

VIII. Status and Conclusions 

We have conceived and tested a new set of functions having the form of Pade' 
approximants, to describe the wavelength (d-spacing) variation of the 
parameters of the Jorgensen profile function. Tests on parameters derived 
from individual peak fits to data taken from diamond powder at large 
scattering angles indicate that functions of this form are capable of 
describing the complicated variation of these parameters, with good accuracy 
and without requiring an excessively large number of wavelength-independent 
parameters. This work is really not complete, inasmuch as we have not fully 
exploited the capabilities of the Pade' approximant forms. Neither have we 
correctly imposed all the limiting behavior of the profile parameters in the 
fitting forms, nor been able to recognize which wavelength-independent 
parameters are related. 

Testing of the new functions using the IPNS Rietveld analysis software has 
begun, addressing questions of refinability, independence of parameters, and 
the accuracy of Rietveld structure refinement. 

We have been able to draw some preliminary conclusions from Rietveld analysis 

of the 150' SEPD data from the diamond sample in the range 0.2 z?G d 5 1.3 A 
and from our standard silicon sample in the range 0.3 s d 5 3.3 A. The 
profile fit improves significantly when /3(d) from the Pad6 approximant 
formalism in (12) replaces that described in (9) - e.g., the weighted profile 
R-factor (Rwp)' reduced from 11.73% to 10.67% in the diamond data analysis. 
However, virtually no improvement is*observed in the fit when the description 
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for the Gaussian width parameter u(d) in (15) replaces that' which is being. 
used at present. We emphasize that these results are preliminary, and in 
assessing the effects of these functional forms on the accuracy and precision 
of structural parameters derived from Rietveld analysis, more work on a wider 
range of standard samples will be required. 
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ABSTRACT 

Delayed neutron choppers in pulsed source neutron beams serve to reduce the 
background caused by delayed neutrons in pulsed source instruments. We 
analyze the effect of a drum chopper placed in an incident pulsed beam which 
contains delayed neutrons and compute its influence on the detector counting 
rate. Expressions are found for the time and wavelength dependence of the 
counting rates for both prompt and delayed neutrons, in both monitor and 
scattered neutron detectors. On the basis of these results, we suggest an 
exact, random-phasing method for determining the delayed neutron background 
for use in measuring the delayed neutron counting rate, and propose a rapidly 
convergent iterative scheme for computing the correction from normally 
measured data. We report measurements which confirm the analysis. 

I. INTRODUCTION 

The 235U enriched booster target provides enhanced neutron fluxes for the 
IPNS spectrometers'. Accompanying the higher pulse intensity is a relatively 
greater background of delayed neutrons. Methods are needed for describing, 
assessing and suppressing these backgrounds and applying corrections if 
necessary. 

In order to reduce the delayed neutron backgrounds, drum choppers have been 
introduced in the incident beam for both SEPD (total flight path length 15.5 
meters) and GPPD (21.5 meters)2. Figure 1 illustrates the arrangement. These 
choppers are hollow aluminum drums of 40 cm diameter spinning on a vertical axis, 
covered with epoxy-boron carbide of 1 cm thickness and 10.5 cm height. They have 
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MODERATOR I- Lc; 1 / 

Figure 1. A schematic diagram of a source (moderator) and a drum chopper a 
distance L, downstream. The source emits deiayed neutrons at a steady rate and 
also prompt neutrons in periodic, short pulses. b(d, t), the flux per unit 
wavelength at time t, is to be determined at a point L away from the source. 

symmetrically placed openings (subtending opening angles measured from‘the center 
of 81.8’ in SEPD, and 60.7’ in GPPD) to allow the passage of the beam. They 
normally rotate at 15 Hz, driven by hysteresis synchronous motors synchronized at 
half the frequency of the pulsed source itself and opening twice per revolution. 
Both choppers are located L,==6.01 meters from the source (moderator). 
Appropriately phased, the drum choppers do not significantly affect the 
transmission of the pulsed beam in the desired wavelength range. Figure 2a is a 
diagram of the time of arrival of neutrons of different wavelengths vs. distance. 
Figure 2b shows the corresponding scattered neutron detector counting rate. 

-P = DELAYED NEUTRON BACKGROUND 

DETECTORS 

fd 
PROMPT PULSE 

DELAYED-NEUTRON 
RESPONSE 

WlTH CHOPPER 

WITH CHOPPER -7 CHOPPER 

-. ._ 
0 IIMt- 

Figure 2a. Time vs.. distance diagram ("neutron time s'chedule") showing the 
arrival of neutrons from the prompt pulse 'and of delayed neutrons. In the 
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,In this paper, we derive expressions for the counting rates in both the 
monitor and the scattered neutron detectors for both the prompt pulse and the 
delayed neutrons in terms of the chopper transmission probability function. We 
show that a random phase average counting rate, measured by running the chopper 
asynchronously with the pulsed source, is directly related to the delayed neutron 
counting rate. We intro.duce a rapidly convergent iterative method for 
calculating the delayed neutron correction from normally measured data. We 
report measurements of the.delayed neutron background taken on two IPNS 
diffractometers with an incoherently scattering sample, illustrating the random 
phase operation and the iterative correction calculation. 

11. DETECTOR COUNTING RATE 

Consider the neutron flux at a distance L from the moderator i-n a generalized 
diffraction instrument on a pulsed source, as represented in Figure 1. The flux 
per unit wavelength at a point a distance L from the moderator and at a time t is 
given by 

4W)=(1/L2)~j dt'dt"i(X,t')P,(X,t";a0)6(t-tl-L/v16(t"-t'-Lc/v), 

= (l/L21 i(X,t-L/v)P,(X,t-(L-Lc)/v;ao) (1) 

where i(X,t') is the beam current leaving the moderator per unit wavelength at 
time t' after one source pulse. The b-functions relate the times, distances and 
neutron speeds at the measurement point (t, L and v) and at the chopper (t", L, 
and v) relative to the moderator (t', 0, v). Throughout, X=(h/m)/v; h/m-3955.41 
A-m/set. The beam current is composed of a prompt pulse at the time t'=O from 
the moderator, and a delayed fraction e of neutrons which is assumed to be 
constant in time and is a known, intrinsic parameter.of the source. It is 
reasonable to assume that the spectral distribution of the delayed neutrons is 
identical with that of the prompt neutrons. Thus i.(X,t') is related to the time- 
averaged beam current i(X) per unit wavelength per unit time by 

i&t') = i(X) [(l - e)t(t')lf +- cl, (2) 

where f is the source pulsing frequency. 

The counting rate at time t in a monitor detector in the beam is given by 

C,W = I dX4(X,t)AMqM(X), (3) 

where #(X,t) is the:neutron flux at the monitor detector at a distance LM from 
the moderator. AM is the area of the beam at the monitor and qM(X) is the 
monitor efficiency, assumed to be time-independent. The counting rate at time t 
in a neutron detector at a scattering angle 9 in a diffraction measurement is 
similarly 

c,(t) = I I dXdu4(X,u)s(t-u-LD/v)Ndu/d~(~,e)A~~D(~), 
where #(X,u) is the neutron flux per unit wavelength at the sample, at a distance 
LS from the moderator, at time u. N du/dQ(X,8) the sample (assumed elastic) 
scattering cross section. LD is the distance from the sample to the detector, 

AQD is the solid angle subtended by the detector and r)D(x) is the detector 
efficiency. 
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For the present purposes, we represent the counting rates in both the monitor 
and the scattered neutron detectors in one generalized expression for the 

counting rate, which together with (1) and (2) gives results identical in form, 

which is 

where 

C(t) = I dXF(X) [(l-r)b(t-d/v)jf + clP,&t- (d-Lc)/v; oo), (5) 

F(X) = 

I 

icX)AMrlM(X)/L; for the monitor measurement 

T(X)N de/dQ(WV2D~D(~)/L; for the scattering measurement, 

(6) 

and d is the distance from moderator to monitor (LM) or detector (LS + LD) for 
each measurement. The first term in (5) is the prompt pulse response, the second 
term is the delayed neutron background, which is a function of the time on 
account of the presence of the drum chopper, and depends on ao/a$l(x,e). 

The prompt pulse response is 

= [(l-e)/fl (h/md)F(ht)Pc(Xt, L,t/d-a,/o;O) (7) 

where X, = (h/m) t/d, and the delayed neutron response is 

Cd(t) = e dXF(X)Pc(X,t-(d-Lc)/v-~o/~;O). I (8) 

Crawford (4) has analyzed this same problem using Monte Carlo techniques. The 
present analytical treatment is appropriate for use in correcting data; the Monte 
Carlo simulation provides greater insight into "grayness" effects. 

III. RANDOM PHASE METHOD FOR DETERMINING DELAYED NEUTRON BACKGROUND 

The method proposed here for measuring the delayed neutron response Cd(t) 
rests upon using the prompt neutrons as a continuous source equivalent to the 
delayed neutrons. This can be accomplished by operating the chopper very near 
its normal frequency, but in random phase relative to the source pulse, and 
analyzing the counting rate as a function of time t, measured from a time- 
reference signal derived from the chopper. All phases of the chopper relative to 
the source are therefore uniformly sampled in the measurement, and both the 
constant delayed neutron part and the average prompt part accumulate identically 
as steady sources. (The IPNS delayed neutron chopper drive systems can operate 
in this mode). Then the random phase counting rate is just proportional to the 
delayed neutron counting rate in normal operation, with the time -scale shifted by 
an amount equal to the time between the source pulse and the chopper time 
reference pulse, 

cd(t) = 
e<C' (t-a,/fd) > 

( “(i;‘) + e) 
(9) 
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Only the delayed neutron fraction c, and the phase angle,(ignoring any small 
error) 01~ need to be known independently to enable Cd(t) to be determined. c 
follows easily from a separate measurement; and has already been measured5 for 
the IPNS booster target, with the result c = 0.0283, a0 +,9/o can be measured by 
sending the chopper timing.signal into. a time-of-flight histogram during fixed- 
phase operation. The phase sampling, which should be uniform to achieve the 
desired result, can be verified by histogramming source time origin pulses during 
random-phase operation. The analysis assumes that the detectors operate with 
time-independent efficiencies. 

IV. CALCULATION OF DELAYED NEUTRON COWING RATE FROM TR& MEASUREMENT 

We now explore an iterative approach as an approximate method for determining 
the relationship of the delayed neutron counting rate to the prompt response. 
Integrating the expression for the prompt 'response (equation 8) with respect to 
wavelength X, we obtain for-either scattered neutron-or beam monitor data 

cp ItI = [(l-e)/fl(h/md)F((h/m)t/d) Pc((h/m)t/d, Let/d-so/w; 0). (10) 

The factor PC represents the reduction of the observed intensity by the chopper, 
which may be only partially open. Substituting X = (h/m)t/d, we obtain from 
equation (7) the following expression for F(X), 

. . 

F(X) '---[f/(1-c)] (mdlh)Cp((m/h)Xd)/Pc(~,Lc~(m/h) X-cy,/o;O). : (11) 
_..,' I 

We,.now substitute this expression into that for the:delayed.neutron response 
given by'equation (8), and obtain 

‘_ ; . 

.’ Cd(t) = cf/(l-c)~dt~Cp(t~)Pc(~(h/m)t~/d,t-~(d-Lc)tf/d-cu~/~;O)/ 
.- ,. 

P,((h/m)t'/d,Lct'/d-ao/m;O). (12) 

This result is exact,.and in view of equation (10) the integral always converges, 
but is unfeasible if the t' integration includes the range where the denominator 
vanishes but the numerator does not. According to (lp),, 
denominator in (12) vanishes, 

Cp vanishes just when the 
so (12) is valid everywhere that it is of interest. 

Of course to produce the result (12), ,the prompt response.&(t) must be measured, 
recorded and available 
illustrates this range; 
chopper is-open. 

Since Cd is in some 

throughout the range where it does>ot vanish. Figure 5 
there, At represents the-range of times during which the 

sense small compared to Cp(t), 

Cd(t) = 

ef/(l-e)~dt'C(t~)Pc(O,t-(d-Lc)t'/d-a,/o;O)/Pc(O,Lct'/d-~o/~;O), (13) 

Equation (13) suggests an iterative 'scheme to obtain the delayed neutron 
counting rate. The, nth iteration would give the delayed response.&(t) from the 
prompt response Cpn(t). That is 

C&+) = 

(14) 
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DENOMINATOR OF 

(23) f 0 

Figure 5. A schematic diagram in (t,t') space showing the region within which 

the chopper transmission probability P,(X,t;O) f 0, where X is the neutron 

wavelength, t' and t are the times when the neutron is at the moderator and at 

the detector respectively. The chopper rotates at angular speed o, and the 

initial phase angle cxo is 0. The lines t' = (d/Lc)(uo/o _+ At/21 represent the 
boundaries of the region for which the denominator of (12) is non-zero, and the 

lines t' = d/(d- Lc) (t - uo/o ,+ At/2) represent the boundaries of the region for 

which the numerator of (12) is non-zero, where At(X) is the chopper open time. 

This result is used to obtain the (n+l)th 
That is, 

value of the prompt response Cpn+l(t). 

Cpn++‘) = C(t’) - Chb’), (15) 

where C(t') is the counting rate of the measurement, and Cdn(t') is the nth 
calculation of the correction to it due to delayed neutron background. For the 
initial calculation we take CdO(t') = 0, or CpI(t') = C(t'). Such a calculation 
can be checked against the exact random-phase chopper method of measuring the 
delayed neutron background. The procedure is a feasible basis for routine 
correction of scattered neutron and beam monitor data. 

v. MEASUREMENTS 

We have measured the chopped, delayed neutron counting rate as a function of, 
time in both the GPPD and SEPD diffractometers at IPNS. The source pulsing 
frequency for these measurements was 15 Hz rather than the usual 30 Hz, in order 
to provide data at long times when the counting rate due to prompt neutrons is 
low (this time interval corresponds normally to the "second frame" during normal 
30 Hz operation). Delayed neutrons, which represent a fraction c=O.O283 of the 
total (see equation (2)) then spread over a 66.7 msec interval rather than the 
normal 33.3 msec interval between pulses. Thus the ratio of the delayed neutron 
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counting rate to the prompt neutron counting rate is one-half the ratio for 
normal conditions. 

Data were collected in three modes of operation: with the chopper rotating 
at 15 Hz, opening twice per revolution as during normal operation; and phased as 
during normal operation (ao/w_A 6500 ysec for SEPD, 4400 Csec for GPPD); with the 
chopper rotating at-15 Hz and asynchronous relative to the source; and with the 
chopper stopped open. A 6-mm diameter vdnadium rod.was placed in the sample 
position. Scattered neutron counting rates were recorded for all scattering 
angles with time focussing. 'During random-phase operation, timing signals from 
the accelerator were recorded which indicated uniform sampl'ing of the source- 
chopper phase. The moderator was liquid CH4 at -105K. 

Figure 6 shows the counting rate for detectors at 150' scattering angle for 
SEPD, (a) with the chopper running and phased with the source, and (b) with the 
chopper stopped and‘ open; the time origin is the time of the source pulse. 
Figure 6c shows the counting rate for the same detectors, with the chopper 
operating at random phase; the time origin is the time of the chopper reference 
pulse shifted by so/o-6500 psec. The prompt response dominates the counting rate 
in the source-phased cases; the chopper has little effect on the prompt response 
in the interval 0 < t < 30msec. The rise at short times is due to epithermal 
neutrons. The peak at 6 msec is.due to the 130K Maxwgliian. The X-like 
discontinuities are polycrystalline Bragg edges, due.to aluminum in the neutron 
path. Between 30 and 50 msec is the peak due to the'second opening of the 
chopper. The same peak-occurs:33 msec earlier, but issmall,relative to the 
prompt pulse response. The shape of the.deJayed.neutron counting rate is 
revealed in Fig. 6c, where, due to the random-phase operation, & neutrons 
appear to be coming from a steady source. The chopped, delayed neutron peak 
exactly corresponds to the 30-50 msec peak of Fig. 6a. - 

SEPD, 28 = +150° 

: 
-: c. Chopper randomly phased (x 0.0283) 

IO0 I”‘~,‘..‘,‘.“,‘.“,‘*“- 
0 10 20 30 40 50 60 

Time-of-Flight (Milliseconds) 

Figure 6. The scattered neutron counting rate from a vanadium rod sample in SEPD 
detectors at 28=150', normalized to proton current; a) with the chopper running 

and in phase with the source, b) wit& the chopper stationary and open, and c) 
with the chopper operating at random phase relative'tti the source, nokalized by 
e=0.0283 (eq. 9) and.bhi&ed~by (~,/0=6500 isec. 
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V rod 

GPPD, 20 = +148” 

a. Chopper phased 

0 10 20 30 40 50 60 
Time-of-Flight (Milliseconds) 

Figure 7. The scattered neutron counting rate from a vanadium rod sample in GPPD 
detectors at 28=148', normalized to proton current; a) with the chopper running 
and in phase with the source, b) with the chopper stationary and open, and c) 
with the chopper operating at random phase relative to the source, normalized by 
ez0.0283 (eq. 9) and shifted by oro/0=4400 psec. The delayed neutron counting 
rate computed from a) according to equations (14) and (l5), d) without constant 
correction, e) with constant correction of 10 counts/channel. 

Figure 7 shows (a) the chopper-phased, and (b) chopper-stopped-open data, for 
neutrons scattered by the 6 mm diameter vanadium rod into detectors at 148' 
scattering angle in GPPD; and Figure 7c shows the corresponding random-phase 
data. The random phase data are normalized according to equation (9), with f=15 
HZ, w/2n=15 Hz, and e=O.O283(5). 

We have calculated the delayed neutron background for GPPD from the observed 
total counting rate distribution for the case of the chopper running and phased 

to the source, according to equations (14) and (15). The result converged after 
two iterations. Comparing the result to the random phase data we find a constant 
contribution of background in addition to the computed chopped background. We 
have estimated this constant background which is caused by very short wavelength 
neutrons. These can penetrate the boron carbide of the drum chopper since the 
black chopper approximation is invalid for short wavelength neutrons (E > 65 eV). 
This background added to the delayed neutron peak is also shown in Figure 7. The 
discrepancy of the leadin-g edge with the data is caused primarily by the time- 
focusing of the detectors which results in a uniform smearing of functions of 
scattered neutron time-of-flight by At/t- 0.032 for the GPPD diffractometer. 

VI. CONCLUSIONS 

Expressions for the pulse shape (transmission probability) and open time 
functions of drum choppers developed previously3 have been used for the 
calculation of the prompt and delayed neutron counting rates in pulsed source 
diffractometers. An exact method is suggested for determining the delayed 
neutron counting rate, using the prompt and delayed neutrons with the chopper 
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operating in random phase with respect to the source. In addition, we have 
examined three approximate methods by which the delayed neutron response might be 
determined in terms of the prompt response; these appeal to the calculated pulse 
shape functions and might be refined iteratively. These approximate methods 
might be checked using the exact random-phase chopper method. We also report 
measurements which confirm the analysis of this random-phase chopper method. 
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Machine Control and Online Data Analysis using PV-Wave’ 

G.S. Smith, WA. Hamilton, R. 0. Nelson and G.P. Cort 
Manuel Lujan Jr. Neutron Scattering Center 
Los Alamos, New Mexico 87545 USA 

ABSTRACT: By combining the commercially available image processing program WAVE 
with the LANSCE Data Acquisition Command Language (DACL), we have developed a 
computer program for the LANSCE neutron reflectometer (SPEAR). The instrument specific 
portion of the program is written in WAVE; whereas, the data acquisition part is composed of 
generic DACL building blocks. This approach allows one to acquire, archive, and retrieve 
data just as is done on any other instrument in the facility; however, it also allows one to easily 
customize the instrument specific program for the special needs of SPEAR. The menu options 
contained within WAVE are used to call machine operating programs, WAVE based data 
manipulation routines, and external FORTRAN routines. Several examples will be given 
which illustrate how the WAVE programs are written and used. 

I. INTRODUCTION 

One of the problems facing instrument scientists at large experimental facilities is how to minimize 
the amount of time spent in programming computers for. data acquisition. One method is to 
develop a facility-wide computer program which covers the needs of every i-nstrument. This has 
the advantage of being a single program written and maintained by a relatively few number of 
people. By the same token, it quite often has the disadvantage of being so complicated that only 
those people who wrote it can add any modifications and that even minor changes can be quite 
involved. On the other hand, a different program for each instrument could be written for-data 
acquisition and online analysis. This gives each instrument scientist the flexibility to add any 
changes that he wishes without worrying about the consequences these changes may have for other 
instruments. However, this has the obvious disadvantage that many of the routines developed for 
a single spectrometer can easily be generalized for use on several instruments and amounts to a 
duplication of effort. 

For the neutron reflectometer (SPEAR) at LANSCE, we have recently developed a program which 
is partly based on general use routines and partly instrument specific, This is done using two basic 
building blocks. The first is the LANSCE Data Acquisition Control Language (DACL)*. This 
program was written as a general use program for the control of the LANSCE Fastbus data 
acquisition hardware which is designed specifically. for collection of time-of-flight data. The 
second portion of the program is specific to SPEAR and is based on the commercial interactive 
image processing language, PV-WAVE’. 

II. THE SOFTWARE BUILDING BLOCKS 

DACL is an extension of Digital Control Language (DCL)3 written at LANSCE to control the data 
acquisition hardware and collection process. Using a data base stored in VAX3 memory, DACL 
allows the experimenter to configure an ensemble of CAMAC and FASTBUS hardware that 
controls the data acquisition process, the sample environment, and detector position. Additional 
commands initialize scalers and time histogramming memories, start and stop data collection, and 
generate VMS3 files that save the data base and data histograms from FASTBUS. Each DACL 
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command generally provides a simple function in a single module, and complex functions are 
available through DCL3 procedures. 

Although DACL provides an interface between the user and the Fastbus .hardware, it is still 
difficult to master for the casual experimenter. Besides, one wishes to insulate the user from 
having to learn this language simply to operate the instrument. Also, ‘DACL does not provide a 
means for on line data inspection and reduction in a way that is useful for every experiment. This 
is essential for making basic experimental decisions such as when there is enough statistical data. 
We have found that the .software package .WAVE provides the necessary features. 

:’ 

“WAVE is an interactive ‘language’ for navigating through large data sets, selecting important 
subsets of the data and translating the results into useful charts, scatter plots, contour plots, 
surfaces, and images.‘14 The features of WAVE used in performing these tasks are simple high 
level commands for plotting data, creating interactive menus and windowing; data manipulanon 
based on vectors and arrays; programing structure which has components of FORTRAN, 
PASCAL and BASIC, and the ability to link WAVE programs and subprograms to FORTRAN and 
PASCAL subroutines as well as executing DCL and DACL commands and command files. These 
WAVE functions give one the ability to visualize data in many ways with a relatively few number 
of programming commands. 

III. REFLECTOMETRY ON SPEAR 

To understand the utility of using WAVE for reflectometry data, one must first understand 
something about the measurements. Fig. 1 is a schematic diagram of SPEARSv6. The neutron 
beam from the LANSCE target is collimated into two beams within the biological bulk shielding. 
Either both or each of the shutters for these beams may be used. The beams are inclined at 1 and 
1.5 degrees with respect to horizontal for studying either solid or liquid surfaces. At the exit of the 
bulk shielding, there is a T,, chopper for reducing the background due to contamination by delayed 
neutrons produced when the initial flash of high energy neutrons contacts the shielding within the 
instrument. 

SPEAR 

Mercury shutter Long 

8 coilimation wavelength 
filler Fine slits 8 converging collimation 

AzI;Is:~I**:c sklm.me* ~sws 

SWlDk 
Sh 0u.l::; walls 

Franc.cwe:lrp 
ct-opper Vdxd.on 8cl,3.s:- Ecomslop 

lazle Cae:!sr 

Fig. 1. Schematic diagram of the neutron reflectometer, SPEAR, at LANSCE. 
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Following the TO chopper shielding cave, is the beam handling area. In this room, there is a frame 
overlap chopper for selecting the wavelength frame (l-16A or 16-32 A). Also, there is a set of 
frame overlap mirrors which filter out long wavelength neutrons (>32A). It is particularly 
important to remove these long wavelength neutrons since they will contaminate the low reflectivity 
measurements of succeeding frames. This entire room is surrounded by shielding walls to prevent 
any background scattering from reaching the sample and detector. 

The paths of the two neutron beams converge to a point at the sample position. The reflected 
neutrons are then detected by an 0rdela7 model 1202N linear position sensitive detector. 
Generally, this detector is oriented vertically and, for small angles, its height is adjusted so that it 
may intercept both the direct and the reflected beams (although during a reflection measurement the 
direct beam is blocked to prevent damaging the detector). This allows for an accurate determination 
of the angle of reflection. With this arrangement, the data can be easily visualized by plotting the 
intensity as a function of time and position on the detector. This is the primary function of our 
WAVE routines. 

IV. THE WAVE PROGRAM 

The main WAVE program consists of four major subroutines. The choice of one of these four 
subroutines is made by clicking on menu options offered whenever the program is first run. These 
menu items are labeled OPERATION, SETUP, QUICK LOOK, and ANALYZE. Whenever one 
of these menu items is chosen, a submenu giving the available options is presented. The first main 
menu items is OPERATION. Its submenu offers the basic machine operation commands RUN, 
PAUSE, RESUME, END AND SAVE, and END AND DON’T SAVE. By clicking on any one of 
these options a command file is executed. In this way, the user needn’t be troubled with 
remembering commands or knowing DCL or DACL. Each successful run will begin with the 
RUN option and end with the END AND SAVE option which automatically archives the data. 

Fig. 2. The SETUP submenu for selecting the instrument running parameters for SPEAR. 

1056 



Clicking on the second main menu item, SETUP, will cause the display of the setup submenu. As 
illustrated in Fig. 2, this a 2-dimensional menu which contains many of the instrument 
configuration parameters which may be selected. The options are grouped by function into titled 
sections. The main sections are RUN STATS, DETECTOR POSITIONS, SAMPLE 
POSITIONS, DATA COLLECTION PARAMETERS, BEAMLINE PARAMETERS, 
CALIBRATION, LASER POSITION, and SPECTRUM RUN NAME. These are used to setup 
the instrument before a run begins, and typicaly, these only need to be fixed once before beginning 
a run. If an option in the SETUP submenu is selected, it can be changed using either keyboard 
input or by another pop-up menu. After changing a parameter, that parameter changes from white 
to red. The red color indicates that the parameter has been selected for change, but it is not 
changed. After selecting the parameters in a section, one clicks on the section title to execute those 
changes. 

Fig. 3. This is an example of the QUICK LOOK option. Clockwise from the bottom right, we 
have the data image, a slice through the data image parallel to the detector axis, a slice 
through the data image parallel to the time axes,. and finally a time profile summed over 
several detector pixels. 
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The QUICK LOOK main menu item allows one to examine the current data set stored either in the 
Fastbus hardware memory or the data stored in the data archive. This_subroutine is the most 
important part of the WAVE program used on SPEAR.. Upon selecting thrs option, four wrndows 
appear which fill the’screen. Immediately afterward, a 3dimensional plot (referred to as an 
‘image’y of the data appears on the screen where the x-axis is the time channel number, the y-axis 
is the detector pixel number and the intensities are represented by a blue-green-red color scale. A 
black and white photograph of this. is shown in the lower right corner if Fig. 3. This 
representation gives the user an instant overall view of the data. As can be seen in the figure, the 
brightest spot on the right represents the critical edge, and the individual elliptical shapes are the 
interference fringes. This representation also gives an immediate impression of the amount of 
diffuse scattering from the sample. The submenu items presented while the QUICK LOOK option 
is active are intended for reducing the image further. The DETECTOR PROFILE and TIME 
PROFlLE options allow one to plot a slice through a chosen point on the image. The DETECTOR 
PROJECTION and TIME PROJECTION selections produce plots where all of the data is collapsed 
onto either the detector or time axes, respectively. 

The next QUICK LOOK submenu option is labeled CRUDE ANALYSIS. As this name implies, 
this is used as a frost step in reducing the image plot to a reflectivity curve. The two options in this 
selection are SUM WITH NO BACKGROUND SUBTRACTION and AUTO BOX. Both of 
these options allow one to select a minimum and maximum detector pixel value and sum the 
intensity in each time channel between these detector pixels. In the AUTO BOX option, a linear 
background defined by the two chosen detector pixels points is subtracted from the data. An 
example of a SUM WITH NO BACKGROUND SUBTRACTION is plotted in the upper right 
hand box as shown in Fig. 3. This data can be stored and divided by the incident spectrum to 
obtain a reflectivity curve. 

There are two reasons for the term crude in CRUDE ANALYSIS. First, you can see that the 
specular peaks have an elliptical shape, this is because the finite resolution of the instrument allows 
for sampling over a range of incident and exit beam angles. Therefore, at a nominal setting for 
angle and time (or wavelength) there is a spread of the specularly reflected beam on the detector. 
At a given time, the spread in angles yields a spread in the values of the normal component of the 
wave vector, q,. In fact, the direction of the major axis of each of these ellipses is along the 
direction of constant q, all of which converge to 28/2 (or the horizon) at time t=O. Since the 
program doesn’t account for this tilt in the spectral peaks, using CRUDE ANALYSIS effectively 
diminishes the resolution of the instrument, and only a proper conversion of the data into reciprocal 
space should be used for the final data analysis. 

The next QUICK LOOK submenu option is FILTER IMAGE. This is simply a choice of band 
pass or logarithmic filters to enhance the weak scattering in the image. Following the FILTER 
IMAGE option, SAVE ANALYZED DATA is used to save either the reduced data set created by 
CRUDE ANALYSIS or the entire data array can be saved for use in more rigorous analysis. The 
final option within QUICK LOOK is the PRINT COLOR IMAGE option. This simply calls a 
WAVE subroutine which creates a color PostScript* file to be sent to a color printer. After the data 
has been examined and reduced using the QUICK LOOK OPTIONS, the final main menu option 
becomes useful. 

The last main menu option is the ANALYSIS option. This calls our WAVE program for plotting 
2-dimensional curves. As can be seen in Fig. 4, most of the menu items in this selection are self 
explanatory. Most often, we use this program to plot the saved, reduced data, plot a second file 
(the incident spectrum), divide these and normalize the critical edge to one. The other selections 
such as log-linear plotting, adding error bars, resealing the axes, changing the color, size, and type 
of plotting symbol are available for enhancing the plots. Also, using the header infomlation stored 
in the saved reduced data file, the data can be instantly converted from time-of-flight to wavelength 
or to qZ in A-*. These plots may be sent to a PostScript printer for hardcopy output. 
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Fig. 4. This is a photograph of the ANALYZE option. In this mode, standard two dimensional 
manipulations of the data such as dividing by the spectrum, choosing plot axes, and 
converting to reciprocal space are performed. 

V. DISCUSSION 

The WAVE language has enabled us to write routines to perform complicated image and data 
processing with a minimal amount of time invested. We’ve illustrated several of the functions 
contained in the WAVE program developed for SPEAR. Using these image processing routines, 
we get an instant on-line overview of the data. In fact, we have discovered features in the data 
(especially in the diffuse scattering) that were not apparent using conventional contour and linear 
plots Fig. 3 (bottom right). The WAVE routines have allowed us to tailor the programs to the 
needs of the instrument while at the same time the raw data is obtained and stored as it is on any 
other instrument at LANSCE. Also, the menu options in WAVE have allowed us to present a set 
of options to our users for operating the instrument and performing the data analysis. Similarly, 
WAVE routines could be written for use on any of the LANSCE instruments and are especially 
suited for multi-detector measurements. 

1059 



References 

1. “Precision Visual’s Workstation Analysis and Visualization Environment*‘, PV-WAVE is a 
trademark of Precision Visuals Inc. of Boulder, Colorado. 

2. R.O. Nelson, G. Cart, A. Gjovig, 3. A. Goldstone, D.B. McMillan, J. Ross, J. Seal, and D.R. 
Machen, IEEE Transactions on Nuclear Science, 34, ~1017 (1987). 

3. VAX, VMS, and DCL are trademarks of Digital Equipment Corporation. 
4. “PV-WAVE Overview,” Copyright 1988 by Precision Visuals Inc. pp 1-2. 
5. “A Neutron Reflectometer for LANSCE?, Report of a Workshop Heald at the Los Alamos 

National Laboratory November 2-3 1987,” ed. D.K. Hyer, Los Alamos National Laboratory 
Conference Report, LA- 11301 -C( 1988). 

6. “Condensed Matter Research at LANSCE,” ed D.K. Hyer, Los Alamos National Laboratory 
Publication, LALP 90-7(1990). 

7. OrdeIa.Inc., Oak Ridge, Tennessee. 
8. PostScript is a trademark of Adobe Systems Incorporated. 

Q(M.Furusaka): How much is the software? Is it fast? 
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ABSTRACT :-, .- _ 
_. 

This paper initially provides a brief description of the current system together with some of the operational 
problems encountered during the fiveyears of ISIS running. Itthen summarizes some of the thoughts of the ISIS 
computer and electronics groups concerning the best ways for the ISIS data acquisition and analysis systems to 
evolve. ‘Ibpics considered include: the increasing use of workstations and windows, the possible future use of 
UNIX and the next generation of data acquisition electronics. 

I am much indebted to the whole IID computing group (Kevin Knowles,Chris Moreton-Smith,Tony 
Valente,Richard Brodie,Kate Crennell and Scott Robertson)‘as well as Julian Norris and John Holton of the 
electronics group, for their contributions to' this paper. 

Introduction 

A powerful and successful pulsed neutron source such as ISIS must be supported by a computer system of high 
capability. It is clearly of limited value to run this-powerful source without the means to progress rapidly and easily 
from raw data to scientifically interpretible results.The Pulsed Neutron Computer Hierarchy or PUNCH computer 
system is used for all collection and subsequent analysis of data collected from the neutron diffraction instruments 
arrayed about the ISIS pulsed neutron source. At present it consists of a VW3650 computer system, the HUB, 
connected in a Local Area Vax Cluster &AVC) to 9 x VaxStation 3200,6 x Micro&x II, 1 x Vax750 and 3 Vax730 
computers. The smaller computers are known as Front End Minicomputers @‘EMS) and are responsible for the data 
acquisition from the ISIS instruments. In addition there are 2 VaxStation 3100, 2 VdxStation 2000 and 12 IBM PC 
workstations as well as about 130 dumb visual display terminals connected to the network of computers. The whole 
PUNCH system is displayed schematically in figure 1. 

The Data Collection Process 

ISIS is a pulsed source of both neutrons and muons. In the former case, single or multidetectors are used to count 
neutrons scattered by a sample of the material under investigation. In the latter case positrons produced by muon 
radioactive decay within the sample are counted using multidetector arrays. For both the pulsed nature of ISIS 
confers a time structure on the detected events. This time structure is reflected in the data collected by storing the 
counts as a function of their time of occurrence in time bins of width gt (typically 1 JLS for neutrons and 20 ns for 
muons). Consequently a histogram of data is built up for each detector element. These histograms are stored in 
computer data files whose size is dictated by the product of the number of time bins used and the number of detector 
elements. Each ISIS instrument is optimised for the investigation of particular types of condensed matterThe sizes 
and the rates of collection of these ‘raw’ data files varies considerably. Table 1 gives typical values of these 
parameters. 
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Instrument Number of Average Data 

Runs, Volume (Kbytes) 

CRISP 458 50 
LOQ 346 1200 

POLARIS 245 330 

HRPD 424 640 

IRIS 137 .iao 

99 790 

PRISMA 153 186 

HET 70 1800 

SXD 149. 14ocl 

TFXA 30 3200 

.Total Data 
Mbytes: 

22 

415 

go 

272 

25 

,79 

29 

132 

252 

96 

Instrument type 
(E. - Elastic, I - Indastic) ’ : 

. , 

Surface Reflectometer(E) ’ 

Low Angle diffractometer(E) 
.’ 

Medium Resolution Powder Diffractometer(E) 

High Resolution Powder Diffractometer(E) _ 

Inelas& High Resolution Spectrometer(I) 

Liquids and Aniorphous -Diffractometer(E) 

Inelastic Excitations Sp&trorrieter(I) 

High Energy Transfer Inelastic Spectrometer(l) 

Single Crystal Diffractometer(E) 

Tie Focussed Crystal Analyser(I) 

Table 1 - Data Collection Rates for Various Instruments for Cycle 89/7 (duration 4 weeks) 

The purpose of the PUNCH computer system must be to archive these data files securely as well as facilitating their 
analysis to produce physically interpretible results. 

Sequence Of Data Processing 

Broadly, the sequence of data processing may be described.as consisting of the foilowing phases : 

1 .Setup 

Optimum values for the experimental parameters such as the number of time bins and +m durations are calculated 
and then set up for the data collection phase or “RUN”. Also such physical parameters as the instrument geometry, 
sample orientation and temperature are defined at this stage. 

2.Run 

The progress of the data collection is monitored continuously during this phase by inspecting key run parameters and 
collection rates. This is important for the early detection of instrument errors or perhaps sample state changes. 

3.End of Run 

On completion of an experimental RUN the collected histograms are stored in the computer RAW data file. This 
fiie is automatically copied from local disk space onto an optical disk jukebox connected to the HUB computer. 
Details of the data archived in this way are stored in catalogue files for each instrument. This information is 
sufficient for the archived data to be restored to magnetic disk at a later date. 

4.Data Reduction and Analysis 

Data Reduction and Analysis - the processing of data varies considerably depending on the instrument and type of 
material under investigation although most uses a standard program environment called GENIE. A typical 
sequence of processing might be . 

a) Merge histograms collected by detectors at equivalent positions in space such as those diametrically opposite at 
the same radius on a cylindrically symmetrical instrument. 

b) Normalize data. This is basically a process of comparing the data against some collected in the absence of the 
sample to eliminate any systematic fluctuations in the instrument transmission. 
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c) Peak fitting. In most cases it is necessary to perform considerable analysis of the histograms in order to determine 
the exact positions and sizes of featuresThis may involve processor intensive least squares peak fitting routines, such 
as in RIETVELDT refinement, or as is becoming increasingly common, the technique of maximum entropy 

W=ENT). 

d) Model fitting. This depends totally on the type of experiment being performed and whether the probes used are 
neutrons or muons. 

The first category of neutron instrument is that which concentrates on elastic scattering of the incident neutrons. On 
data collected from these instruments where the neutrons are scattered by the sample with no energy loss, the 
primary purpose is usually to establish the atomic or molecular structure of the material. In this case further 
processing involves proposing a model for the structure and using it to calculate the data points expected. These 
expected data are then compared with the observed data and a new refined model established by a process such as 
least squares &SQ). The main line of this type of analysis is structure factor least squares which minimizes the 
discrepancy between the observed and calculated structure factors of the sample. (The structure factors (fobs) are 
closely related to observed intensities Iobs = 1 fobs I**,) This method tends to be reliable but is a very heavy user of 
processing power scaling as the number of data observations and the square of the number of scattering elements in 
the sample. Monte-Carlo techniques tend to replace least squares in model fitting or generation for instruments 
investigating the properties of liquids and amorphous materials. This is a processor intensive method where the total 
energies are calculated for a large number of randomly generated models, the most likely model being indicated by 
that with the lowest energy. 

The other major category of neutron instrument is that of inelastic where neutrons exchange some energy with the 
molecules or atoms of the material under investigation. The observed enerw shifts then provide information about 
the atomic lattice motions or the motions of the atoms themselves. The analysis of this type of experiment tends to 
involve the calculation of many incident and resultant neutron energies and momenta. Also to appreciate the nature 
of the molecular motions it may be necessary to compare results obtained from a number of runs. 

Muons are fundamental particles which resemble either heavy electrons or positrons depending on their charge. 
They are produced in large quantities at ISIS by inserting a thin target into the incident proton beam line. The 
general thrust of the experiments using these probes is to investigate diffusion effects within the solid state or to 
examine materials during magnetic state transitions, although more recently, considerable effort has been applied to 
examine the potential of muon catalysed fusion. In each case the computer processing involves the least squares 
fitting of various exponential functions to the observed data. The most accurate experiments are performed when 
each of the many detectors on a muon instrument is considered separately. Thus the processing involved scales 
linearly with the number of detectors. 

5.Data Presentation 

Once data analysis is complete it is necessary to present the experimental findings. Extensive use of desktop 
publishing and graphics is made to expedite this process. 

The Functions of the PUNCH computers 

The configurations of the current PUNCH computers are illustrated in Figures 2 and 3. The FEMs are used 
primarily for phases 1,2 and 3 of the data collection process. The FEMs are connected in a peer to peer LAVC where 
each machine has a separate operating system. This, together with disk capacities ranging from 160 to 768 Mbytes, 
ensures data collection irrespective of the state of the HUB computer. Nevertheless the HUB computer does fulfil a 
pivotal role in the PUNCH computer system. This machine performs much of phases 4 and 5 in the data collection 
process, but its importance extends well beyond this. The HUB computer is the local point for data concentration 
and storage because it controls a large quantity of magnetic disk space and the 40 Gbyte optical disk jukebox. This 
latter storage ensures that any data ever collected from the ISIS instrument is available on line. The constantly 
expanding data storage requirements are illustrated by Figure 4. 

It is evident that the data storage requirements continually increase. Indeed, in order to maintain the online status of 
ISIS data is has been necessary from Cycle 4 1989 to perform processor intensive file compression before archiving. 
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Data Collected per Cycle of ISIS Operation 
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The volume of data collected per proton milliamp hour has remained approximately constant since Cycle 4 in 1989. 
This can be explained by the following observations: 

a) ISIS has been running with a Bmtalum target thus reducing the neutron flux by 50%. 

b) Fewer more complex experiments are being performed which require longer to setup and longer run durations to 
improve statistics. 

c)There have been no new scheduled instruments during this period. MAR1 and SANDALS are only now in cycle 
90/5 making a significant contribution to the data volumes collected. 

The HUB computer provides a broad spectrum of general computing for over 300 registered users. The users 
perform diverse sets of tasks ranging from editing and word processing through to data analysis often using graphical 
visualisation techniques. Figure 5 illustrates the typical workload of the HUB processor, the simulations (SI) are 
performed under the control of a low priority batch queue to use free processing power until pre-empted by any 
other process. Some reasons why the HUB workload has developed in this way are given below : 

a) The HUB computer may perform processing without affecting data collection. 

b) It is the only machine within the PUNCH system directly accessible from the UK academic network (JANET). 

c) Until recently only the HUB had routine access to the ISIS data catalogues. 
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d) It is the most powerful computer in the PUNCH system. ; __ 
I. 

e) I&q software products are only available on the HUB’ computer because ,ofi their cost and/or storage 
requirements. 

- . 
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Figure 5 The distribution of HUB processor time between different categories of task 

Current Problems With The System .’ 

Most of these are concerned with the HUB 8650 computer configuration. It. has always been intended that .this 
machine satisfy the interactive needs of a large number of users performing heterogeneous operations. The essence 
of an interactive machine must be responsiveness, particularly for editing and graphics. Subjectively the response to 
a typed command should take no longer than 2 seconds but this has deteriorated considerably at peak times over the 
past 6 months, despite the efforts described below to slow the effect. In order to maintain the interactive response, 
users are strongly encouraged to run processor intensive tasks in batch mode where they run,at lower priority but 
which the operating system may schedule more efficiently. The scheduling has the unfortunate side effect that few 
or no batch jobs run during the peak hours between 0900 and 1700 hours daily. Another serious problem is that the 
HUB is chronically short of both optical and magnetic disk space. Currently the optical disk jukebox has about 8 
Gbytes of its 40 Gbyte capacity free and with data accumulating at.a rate of about 1.5 Gbyte per 6 week cycle we will 
no longer be able to maintain all data online. from Cycle 6 of 1990. Magnetic disk space is also at a premium, 
particularly since the poor batch job turn-round tends to extend the duration of data files. Byapplying stringent disk 
quotas, the HUB runs constantly with its disks between 85 and 95% full with no spare capacity. In order to run more 
detailed data analyses the HUB users usually have to compete for the relatively small available space on a scratch 
disk. A further problem has been HUB downtime caused by a variety of hardware faults. The frequency of these 
faults can be ascribed to the fact that the 8650 uses 1984 technology which tends to use high current devices to obtain 
what is by current standards modest performance. This is reflected in the relatively high maintenance cost of about 
f30,ooO per annum. 

R&dial A&s * 

The past ,year has -seen the progressive replacement of the original VAX. 111730 FEMs by VaxStation 3200 
workstations. These have about 10 times the central processing speed and 5 times the.disk.capacity of the older 
machines. Unfortunately, these workstations,. which actually run at .about 45% of the 8650 processing speed, are 
restricted to a maximum of 2 interactive users and can therefore do little to alleviate the interactive load on the 
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PUNCH system. Nevertheless, connecting these computers in a local ares vax-cluster does enable some of this 
processing power to be exploited by means of cluster-wide accessible batch queues. Any jobs placed in these queues 
are automatically run on any free cpu in the cluster. This has gone some way to increase the batch processing Capacity 
of the PUNCH system, but it is subject to a law of diminishing returns. Each additional clustered computerdoes 
abstract a significant proportion of the HUB processing and disk capacity. 

Future Considerations 

It is our experience that the computing requirements generated by each instrument double every three years. This 
observation is shared with the our complementary institute, the Institut Laue Langevin at Grenoble. I believe this 
assessment of the situation at ISIS to be optimistic. As an example the facility has just received a grant of f2.4M to 
enable the doubling of the ISIS proton beam current to 2OOpA. This together with an imminent enhancement to the 
ISIS target will result in an up to fourfold improvement in neutron flux. Thus purely on the basis of intensity the 
number of experiments capable of being performed and hence the data collected may well more than double over the 
next 24-30 months. The problem of this impending data processing bottleneck will be exacerbated by two further 
factors: 

a) Four new instruments MARI,ROTAX,SANDAI_S and eventually a second muon spectrometer will be 
commissioned. (MAR1 and SANDALS in 1990 , ROTAX in 1991 and the new MUSR in 1992) 

b) Many of our current instruments (HRPD,POLARIS,CRISRIRIS,LOQ and SXD) will be equipped with new large 
detectors with the potential to produce manyfold increases in the data volumes collected. 

It is reasonable to assume that not all of this data volume and associated processing will be realized immediately. 
Much of the increased ISIS intensity will be used to provide better statistics or to enable the prosecution of more 
ambitious experimental projects possibly involving more complex or more weakly diffracting materials. Nevertheless 
the combination of these factors must ensure the doubling of the data processing load on PUNCH system within the 
next 18 months. An important further consideration is that as the complexity of experiments increases so will the 
need for improved visualization techniques. Visualization is a buzz word which describes the ability to isolate the 
nuggets of scientific insight from the vast amount of data. In the vernacular, “to see the wood for the trees”. The 
process tends to involve combinations of such techniques as multi-dimensional rotations with hidden line removal, 
edge detection and maximum entropy. These techniques are very processor-intensive and require graphics 
workstations to be at their most effective. It is possible that even the most powerful VAX workstation will be 
insufficient for some needs thus forcing the adoption of the latest ultra-fast RISC based UNIX workstations. 

Conclusions 

Adopting a computer strategy for the future immediately involves tackling two almost philosophical questions.The 
first of these is whether our users really need to store all raw data ever collected. Currently the system just copes but 
with the advent of large area detectors and higher neutron fluxes it will become impossible to transfer the data files 
by network let alone store them. Thus the answer to the question is definitely not. Instead we must concentrate 
powerful but flexible and reasonably user-friendly processing power at the point of data collection, that is within the 
DAE. This would enable much data processing particularly data volume reduction at the earliest opportunity within 
the PUNCH system and thus avoid the need to transfer and store large amounts of information-sparse data. 

The second main philosophical question is a natural consequence of the first. If we make all of this processing power 
available to the FEM do we still need a HUB computer ? The answer is a most emphatic yes. Even though much raw 
data processing would be devolved to the FEM systems there remains a requirement for a central file storage and 
data administration machine. Moreover we must continue to provide a platform for a whole spectrum of more 
general computing to support all ISIS users irrespective of whether they are actively running an experiment. Indeed 
the functionality of the HUB computer should be enhanced to provide not only the greater power indicated by the 
empirical observation made earlier that computing requirements tend to double every three years but also more 
graphics facilities to aid in the interpretation of scientific results and in the production of high quality 
publications.The data administration role of the HUB cannot be overstressed. Currently we have about 60,000 ISIS 
datasets archived and this number is increasing at a rate of about 3000 per 5-week cycle. It has proven to be of great 
value to be able to access any one or a combination of these automatically within minutes. An example would be to 
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compare data collected for the same material collected under different conditions and times, even froiridiffeient 
instruments. lb maintain this facility, we will require not only the HUB as a data concentration point but also a 
commercially supported high functionality database system such as Digital’s Rdb or Compuserve’s S1032. Finally 
the effort involved to reimplement software for a different operating system coupled with the degree of user 
alienation incurred makes it inconceiviile that the-new HUB should be any computer than a VAX running VMS. 

DAE-II and Enhancements to DAE-I ” -’ L 

Considerable thought has been given to the development of the next generation of Data Acquisition Electronics for 
ISIS. Much of this is descriied in a previous ICANS paper (Pulford,Quinton,Johnson and Norris, ICANS-X 
,pp537-547). As stated earlier, the provision of processing facilities actually within the DAE would enable initial data 
analysis and compression without moving the data . Moreover it would provide such benefits as real time monitoring 
of data acquisition and detection of errors. Experience gained in running DAE-I in ISIS instrumentsas well as some 
recent technical advances have,suggested. s&&additional requirements for the intelligent DAE: 

a) The DAE should be connected to. the local area network, currently ethemet.This confers great operational 
flexibility and robustness in that DAE faults would not tend to crash the.FEM as they-tend to do currently. Also 
replacing, a failed FEM would simply~be a matter of using a different caller for the DAE’s ethernet address. 
Moreover FEM’s would no longer require a Q-bus and could thus be simpler and cheaper. The potential lower 
bandwidth available via ethernet rather-than by Q-bus should be offset by the Iower volume of data output by the 
intelligent DAE .: .‘, 

b) The construction of the component cards within the DAE should be printed circuit rather than wirewrap as used 
currently. Wirewrap has proven to be very prone to mechanical faults such as broken wires or soldered pins. Also the 
introduction of programmable logic devices (PLD’s) enables increased emphasis to be placed on producing as few 
different simple-cards as possible, thereby improving.the maintainablity of the system. 

c) Predictably ISIS has been found to be the source of considerable electrical noise. Consequently long multiwire 
cables such.as that connecting the instrument crate, into which the detectors are plugged, and the system crate are 
undesirable and should be replaced~by~multiphxed fibre optic cables. 

d) As an interim measure the addressing capability of our existing MULTIBUS crates should be upgraded from 24 to 
32 bits. This has proven relativelysimple and has been accomplished already. 

Much progress has been made in implementing this strategy. Figure 6 shows schematically two cards which have 
been designed and are now under construction. Their first use should be in cycle 91/l. . 

Workstations 

Technological innovation has brought about a rapid evolution in the capabilities of bit-mapped graphics workstations 
over the past few years. This coupled with considerable reductions in costs have brought a device which used to be a 
shared public facility for special applications to the stage where it rivals a dumb terminal in price let alone function. In 
recognition of this fact, a high percentage of new computer software is now written specifically for workstations. 
Although dumb terminals are still generally supported the future is clear, and to maintain the highest ability to 
analyse, visualize and present scientific results, we need to embark upon a program to replace dumb terminals with 
workstations on as many desks as possible. 

Some of the advantages of workstations are: 

1) Flexible access to more than one host computer simultaneously. 

2) Potential for high quality, high speed graphics. 

3) Local processing power available. The amount is generally proportional to the cost of the workstation 

4) Great power and flexiiility for debugging new applications. 

5) Desktop publishing and word-processing. 

6) All of this in one box. 
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Allof this .functionality is useless unless the, software controiling the workstation provides a consistent coherent 
interface for the user. Above all for the power of the workstation to be fully exploited, this interface must speed the 
interaction between the user and the system and, almost as important, be perceived,by the user to do so. The same 
software must be common to any windowing device that we use. Currently he only viable alternative is X-windows 

X windows , 

X-windows provides a complete working environment for a computer workstation user. Given sufficient processor 
power and memory it supports the creation and. manipulation of any number of areas (i.e. windows) on the 
workstation screen including managing overlaps and overlays. Any window mayoccupy the full physicalresoiution 
of the workstation screen. Manipulation of the windows is performed using a pointing device such asa mouse with 
input coming from this device or the keyboard. The major concept behind X-windows is that processes involved with 
screen handling are logically divorced from the application being run. Consequently running an ap$cation breaks 
down into two processes: a) the X-client which is the core of the application where conventional interactive I/O 
statements are replaced by X-window subroutine calls ; b) the X-server which is responsible for the window display 
and interaction. The two communicate using a protocol called X-11 which may be run across any network link. This 
is illustrated schematically in figure 7a. A natural corollary is that the two processes need not necessarily run on the 

X Server domain X Client do,main 

Xl1 driver 

Screen I/O 

a) Nomal Workstation 
X11 driver 

Serial Line (Compressed bytes) 
mmmmmmmmmmmmmmmmmmmm 

0 III 0 

Screen I/O 

b) Simple Workstation 

Figure 7 Schematic representation of the operation of X-windows 

same computer or even one of the same type. Indeed one workstation may have a number of X-server windows each 
communicating with X-client processes running on a number of different remote machines. Figure 7b also 
illustrates a refinement to the system where the X-server software is divided into two components: an X-11 module 
running on the server computer which decodes the X-11 protocol into compressed bytes ready to be transmitted 
across a slow link such as an asynchronous serial line, and a remote windows I/O module which maps the bytes to 
screen operations. This scheme balances the disadvantage of imposing an increased load on the client machine 
against the fact that the workstation can be made cheaper to buy since it needs neither a relatively expensive ethernet 
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port nor a large processor capable of decoding the X-11 protocol.This approach should also enable operation of 
windows over a telephone line. A further interesting advantage to the use of X-windows is that appropriate software 
(e.g. HELIOS) is available for TRANSPUTER systems. This enables a natural and integrated approach to the 
control of the intelligent DAE. 

A Recommended Solution 

The penalty for the enhanced functionality of the X-windows interface is increased demand for processor power and 
memory. This is illustrated in figure 8 which shows some of the relative resource requirements for two types of 
X-client process. The first comparison is somewhat unfair since DECwrite has far greater functionality than 
WPSplus however it does represent the sort of application which will be run increasingly. Figure 8b however has 
great significance since the running of GENIE is a fundamental requirement for any ISIS computer. The future 
configuration of the PUNCH system should be that which provides the most cost-effective way to supply these 
necessary computing resources coupled with the best value workstations. 

Broadly workstations divide into three categories: 

a) Simple - these provide the minimum necessary the access most X-windows applications. All desks should have 
one of these at least. 

b) Normal - as for simple, but they have some limited processing power in their own rite. Besides running X-client 
software, these may have some useful dedicated applications. Some examples are IBM 386 PC running spreadsheets 
or MACintosh II machines running Multifiuder. 

c) Super - these can be expensive, but they usually provide stunning processing performance and very high 
resolution screens. These machines are capable of providing all resources necessary for X-windows and may 
themselves be used as resource providers for category a) and b) workstations. 

Details of some currently available workstations are given in Table 2.The prices are approximate and are inevitably 
out of date. They assume monochrome monitors and no internal disk drives. The usable performance is a number 
based on VAX780 figures (VUP’s); a somewhat arbitrary reduction factor of 0.7 has been applied to non VMS 
systems to account for the difficulties in exploiting the full performance of alien architecture. 

Workstation Type 

OPTIMAX Simple 

VT1000 Simple 

IBM 386 PC Normal 

Macintosh IICX Normal 

Vaxstation 3100 Normal 

SUN spare SLC Normal 

Decstation 3100 Normal 

Decstation 5000 Super 

Resolution O.S. cost 

900X500 

1024 x 864 

1024.X 768 

870x640 

1024 x 864 

1152 x 900 

1024 x 864 

1280 x 1024 

None 

None 

MS-DOS 

Apple 

VMS 

UNIX 

ULTRIX 

ULTRIX 

f825 

UOOO 

f22OO 

x5500 

T&ble 2 A rough comparison of currently available workstations 

Usable Network 
perf. (VVP) 

none Serial 

none Ethernet 

0.5 Ethernet 

1.5 Ethernet 

3 Ethernet 

4 Ethernet 

6 Ethernet 

12 Ethernet 

The HUB must be capable of supporting a reasonable mix of workstations of types a) and b) . Any super workstation 
will look after themselves. An analysis of figure 8b reveals that X-GENIE requires little extra processor time but 
considerable extra memory and memory related resources compared with the current version of TEK-GENIE. 
Consequently to maintain our current level of service.we need a HUB computer with perhaps slightly more 
processor performance but with greater physical memory and large capacity fast disk drives for paging. DEC have 
recently announced the VAX4000, an ideal machine for this purpose which is particularly optimized for distributed 
applications such as X-windows. Table 3 gives a brief summary of the major parameters of this system. Clearly in 
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anticipation of our future computing requirements, this system should be duplicated to double the available 
resources. Judicious choice of disk technology would enable the posstbility of disk sharing between the two 
processors. This in turn leads to considerable fault tolerance, a commo&ty which has been found to be of value 
during the running of ISIS up to now. 

VAX 4000 

Memory 32Mbytes - > 128Mbytes 

Disk storage capacity - up to 28Gbyte 

Bandwidths - Memory 40 Mbytesisec, DSSI SOMbytes/sec, Q-bus 3.3Mbytes/sec 

CPU performance - 8 x VUP (cf. 8650 6SVUP) 

Power consumption - 0.9kw. (cf. 8650 8kw) 

Cost of 1 x VAX 4000 and 5 Gbyte magnetic disk - about f 100,000 as as interactive machine, f80000 as SERVER. 

Maintenance - about f4500 per annum (cf 8650 f25OOCl per annum) 

Table 3 Introducing the VAX 4000 

Figure 9 illustrates a possible PUNCH configuration of the future. The diagram also shows an enhanced central data 
highway based on the lOOMbits/second FDDI fibre optic token ring. This, although not needed immediately, would 
be required to provide the necessary bandwidth for future data transfer. The computer configurations within 
instrument cabins would be associated into groups to avoid unnecessary local network traffic escaping onto the 
network backbone. These would be probably : a) MUSR,LAD,TEB,MA.RI b) POLARIS,EVS,SXD,HRPD c) 
SANDALS,PRISMA,LOQ,ROTAX and d) IRIS,TFXA,HET,CRISP. 

UNIX 

There is no doubt that the most powerful computers for a given cost are based on the UNIX operating system. As an 
example, we have found that the ULTRIXbased DECstation 5000 gives twice the VAX 8650 processor performance 
for a portable FORTRAN application. Subjectively UNIX workstations like this also provide very rapid response for 
windows servers. Unfortunately the UNIX operating system, although much loved by computer scientists and very 
elegant in many concepts,, cannot be said to be user-friendly and it would be unrealistic to subject our users to it 
without copious health warnings. The editors are usually powerful and dangerous. Bible 4 provides a few example 
commands and their VMS counterparts to emphasize their abstruse nature. Nevertheless we should incorporate 
some of these devices into the future PUNCH system to exploit their great processor power. The inclusion of a 
UNIX machine must be subject to strict criteria: 

1) It must run X-windows.. 

2) Its native compilers, particularly FORTRAN, should compile standard VMS source code without modification 

3) It must be possible to submit a job from VMS to the UNIX machine and retrieve the output in a well-defined, 
simple way. 

. 

4) Its speed should make 1,2 and 3 worthwhile. 

DEC themselves have acknowledged the potential of UNIX(ULTRIX) computers in producing the VMS-ULTRIX 
connection software. This enables VMS and UNIX to share files transparently across a network as well providing for 
shared printer and batch queues. We should make full use of this. 
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UNIX filename fire - pathnameifilename 
.: I 

VMS - DEV[directoxy]filename 

VMS coh4MAND UNIX CtiMMAND . 

$ APPEND file1 file2 : 

$ COPY jilel file2 -. 

$ CREATE/DIR [dintan;e) ’ ., 

$ DELETE file ._ 

$ DELETE/CONFIRMfiZe 

$ DIRECI’ORY 

$ DIR fire 

.$ DIR/PROTECTION/DATE/SIZE 

$ EDITfile 

$ MAIL 

$ PRINT file 

$ SHOW DEFAULT 

$ SHOW PROCESS 

$ SHOW TERMINAL 

$TYPEfile 1 

$ cat file1 > > file2 . 

$ cpjileljile2.. _ _, ’ 

$ mkdir dirname 

$rmjile 

$rm-ijile 

$1~ -a 

$ lsfife 

$1~ -al 

$ ed,ex or vi file (to introduce a powerful unforgiving editor) 

$ mail 

$ print (or lpr or pr)file 

$ pwd 

$ printenv 

$ stty everything 

$ cat file 

Table’4 A comparison of some equivalent UNIX and VMS commands 

A Future Workstation Screen 

The final section of the paper is mainly to provoke thought and discussion. Within 1 year it will be possible given 
sufficient skilled manpower and resources to produce the underlying applications to format a workstation screen 
such as that shown in figure 10; The following list of features might be supported: 

1) Operations such as changing a sample environment parameter value would be achieved by pointing at the relevant 
box, clicking a mouse button, and typing the new value on the keyboard. 

2) The client applications would run on any one of a number of different hosts. As an example, the real-time picture 
of the detector would be the output of a process running on the intelligent DAE. 

3) Producing wiring tables and any such gemetrical applications would be accomplished by simply pointing using a 
mouse. 

When this notion was presented at a recent meeting of ISIS scientists it provoked a great diversity of response such 
as: 

a) “I’m confused enough as it is!” 

b) “It would make the control of instruments much easier for the users” 

c) ” Just typing a three-letter mnemonic in reply to a terminal prompt is far more efficient” 

d) ” My arm will get tired!” 
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Measurements of two-dimensional antiferromagnetic spin wave by using 
chopper spectrometer installed in pulsed neutron source 
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Rutherford Appleton Laboratory, Chiiton, DIDCOT 
Clarendon Laboratory, Oxford 

Neutron inelastic scattering measurements on the chopper spectrometer MARI installed in the 
pulsed neutron source ISIS observed a well defined two-dimensional antiferromagnetic spin 
wave up to the zone boundary of La2NiO4 at 124*3 meV. 

I.Introduction 

Low dimensional antiferromagnetism provides a wide variety of challenging issues such as 
Haldane’s conjecture l), the resonating-valence-bonding state 2, and so on, relating with quantum 
effects on the spin fluctuations which arc enhanced due to the low dimensionality. Two-dimensional 
antiferromagnetism has been especially put high light after the discovery of the superconductivity in 
2D copper oxides because the 2D magnetic interactions between Cu spins have been regarded as one 
of the candidates for the microsc6pic interactions to create the Cooper pairs. 

Tri le-axis neutron scattering measurements first found out unique 2D spin fluctuations in 
La2cUO4 F3 ), a mother compound providing a framework for T&O K class oxide superconductor. 
These techniques also revealed characteristic change of the fluctuations by carrier doping.4) In order 
to prove the correlation of the magnetism with the superconductivity, more quantitative study in a 
wider q-o space is necessary because a shift of the energy specrtum in x(q,o) to higher energies is 
expected when the superconducting state appears. However, an extention of the energy region by 
using triple-axis technique is very difficult. 

Instead chopper spectrometer coupled with pulsed neutron spallation source has been 
regarded as one of the better spectrometers in high energy region compared with triple-axis one 
especially for low dimensional magnetic systems because of the larger detector area, the better 
energy-resolution and the higher signal-to-noise ratio in high energy region. Therefore pulsed 
neutron scattering measurements on La2cUO4 and the related compound are of great interest not only 
to study the quantum effects on the 2D spin fluctuations but also to test the capability of the chopper 
spectrometer. Systematic studies on 2D antiferromagnetic systems with different spin values are also 
important to clarify the quantum nature of spin fluctuations in 2D antiferromagnets. We believe a 
series of 2-l-4 compound, La2cUO4 with S=1/2, La2NiO4 with S=l and La2CoO4 with S=3/2 is 
the most ideal system to study the spin value dependence of the magnetism. 
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In the present .paper results of pulsed neutron inelastic scattering measurements on single 
crystal of 2D antiferromagnet La2NiOq are reported. By using chopper spectrometer we first 
observed a well defined spin-wave up to the zone-boundary and determined the in-plane exchange 
interaction J . I 

II.Experimental details 

Single crystals of La2Ni04+S with average dimensions of 8 mm + x 35 mm were grown by a 
floating zone method in air. As-grown crystals are reduced in a CO, .mixed with O.I% CO gas flow 
at 1100 C for 30 h. This heat treatment reduced the excessoxygens in the as-grown crystals probably 
to 64.02 because the 3D Neel temperature changed from 6OK to 210 K5) At room temperature the 
crystal structure is of two phases, orthorhombic and probably tetragonal phase due to the.small 
amount of excess oxygen. Below around 150 K, the crystal trnsforms..into single tetragonal phase 

with P42/ncm sYmmetrY* 
Neutron inelastic scattering measurements were .carried out on the chopper spectrometers 

INC and MARI installed in the spallation neutron sources in the National Laboratwy for High Energy 
Physics and in Rutherford Appleton National Laboratory, respectively. The nominal energy- 
resolution is about 2.5% for INC and 1% for MARL In chopper spectrometer coupled with pulsed 
neutron source, the monochromated incident pulsed beam is provided by a mechanical chopper 
synchronized with the repetition of the neutron pulse. The energy ,of incident neutron beam is 
tunable by changing the phase and/or the frequency of the rotation of the chopper. The scattered 
neutrons are detected by a large number of 3He detectors aligned in a wide range of scattering angles 
in both horizontal and vertical directions. In this report we present the data obtained by the low 
angle-horizontal detector bank in MARI with the scattering angles from 3’ to 99 Other data taken by 
INC and by vertical detectors which‘ can be used as complementary data will be presented in a 
separated paper. 

For single crystal measurements, crystal orientation. is important to extract useful and simple 
information. In the present study the data were taken by two types of crystal orientations, which are 
described in the following. 

II- 1 Orientation with magnetic Bragg lines perpendicular to ki 

In this orientation, hereafter we call type- 
A configuration, single crystals of La2NiO4 
were aligned in a direction with the 2D magnetic 
Bragg lines perpendicular and with the a-axis 
parallel to the incident neutron momentum ki as 
shown in Fig. 1. In time-of-flight (TOF)-scans, 
which correspond to kf -scans, detectors pick up 
magnetic intensities when the scan trajectories 
cross the 2D spin wave dispersion surfaces. The 
energy difference in the TOF-scan trajectories of 
different detectors at the same 20 momentum 
transfer q2D is less than 2 % for the transferred 
energies larger than 50% of the incident ones. 
Since a matching of energy resolution is 
achieved in this measurement, the intensities 
picked up by different detectors between at 3” 
and 9’ can be binned up without degradation of 
the energy resolution. Several incident nuetron 
energies from 70 meV to 400 meV am carefully 

2D-spin wave 
dispersion Surf ace 

Fig. 1 Type-A orientation 
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selected to perform proper scans in a wide 
reciprocal space. 

II-2 Orientation with magnetic Bragg lines parallel to kf 

In another orientation, type-B orientation, the 
crystals are aligned with the 2D magnetic lines parallel 
and with the a-axis perpendicular to kp In this 
orientation the TOF-scan corresponds approximately to 
constant q2D scan as shown in Fig. 2. In the figure 
thick and fine lines denote dispersion curves and scan 
trajectories, respectively. With this orientation however, 
neutron counts of a small number of detector can be 
binned because the scan trajectories are extremely 
different for different scattering angles compared 
with type-A orientation. 

III. Results and Discussion 

Tl.0 4.5 0.0 0.5 I.0 

2D Momentum Transfer (r.Lu.) 

Fig. 2 Type-B orientation 

In Fig. 3 we show a typical spectrum taken by the type-A orientation with an incident energy 
of 165 meV. The inserted figure shows the expanded one around 1OOmeV. The neutron counts of 
the 28 horizontal detectors at both left and right hand side are binned in the figure. If observed peaks 
are originated by spin-wave excitations, they should be mapped on dispersion curves as well. Both 
TOF trajectories of different incident energies and antiferromagnetic spin-wave dispersion ctuves are 
drawn in Fig. 4. Closed circles or ellipsoids on the dispersion curves therefore, represent peak 
positions of spin-wave. Circles which are not mapped on dispersion curves are considered to be 
originated by phonon excitations. By changing the incident neutron energies we traced the spin-wave 
dispersion curves up to the zone-boundary at 124&3 meV. A full width at half maximum of the spin- 
wave peak at around 117 meV in Fig.3 is about 2.5 9% of the transferred energy which is close to the 
energy-resolution. Due to the high energy-resolution of MARI even the low energy spin-wave peak 
around 40 meV exhibits a double-peak shape. 
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Fig. 3 A typical spectrum taken by 
type-A orientation 

Fig. 4 
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A spectrum obtained by the 
type-B orientation is shown in Fig. 5 
where the neutron events detected at 5 
the scattering angles between 7O and 8” ,s 
are binned Around 125 meV there is a v) 

2 
remarkable change in the neutron : 
intensites. As is expected from Fig. 3 v 

and Fig. 4, this energy may 
correspond to the energy around the 
zone-boundary. However quality of 
the data is much worse than that of the 
type-A orientation due to the smaller 
number of detectors available in the 
type-B. 

0 20 4.0 .60 80 100 120 140 160 Ii0 
Energy transfer (meV) 

Fig. 5 A typical spectrum taken by 
type-B orientation 

The peak positions of spin-wave observed by the type-A orientation almost perfectly sit on a 
simple dispersion relation for 2D square-lattice antiferromagnet, 

iio=4SJ sh(zq&-h.)) 

with an in-plane exchange constant J between Ni2+ spins of 31+ 1 meV. This value is consistent to 
that of 30 meV obtained from the two-magnon peak observed by Raman measurement @ where the 
peak position is predicted to correspond to 6.7J by a spin-wave theory taking into magno-magnon 
interactions. Therefore within the preliminary data analysis, the observed spin-wave dispersion 
relation in La2NiO4 can be described by a simple spin-wave theory. 

Analyses taking into the experimental resolution function will provide more detailed 
imformations such as the. line-widths and the intensities in the magnetic excitations; Although the 
obtained J value is smaller by. factor about three than that is expected in’La2CuO4, we believe the 
same technique which is performed here is also well applicable in La2CuO4 

Acknowledgement 

We would like to thank Z.Bowden and S.Onodera for their excellent technical support. 

References. 

1) 
2) 
3) 

.‘4) 

5) 
6) 

: . 

F.H.M.Haldane, Phys. Rev. _Lett. 61, 1029. (1988). 
P.W.Anderson, Phys. Rev. 115,2 (1959) : Science 235, 1196 (1987). 
G.Shirane, Y.Endoh, R.J.Birgeneau, M.A.Kastner, Y.Hidaka, M.‘qda, Y.Enomoto, 
M&z&i, and T.Murakami, Phys. Rev. Lett. 59 (1987), 1613. 
GShirane, R.J.Birgeneau, Y.Endoh, P.Gehring, M.A.i(astner, K.Kitazawa, 
HKojima, LTanaka, T.R.Thurston; K.Yamada, Phys. Rev. Lett, 63 (1989), 330. 
D.J.Buttiey,.Ph:D. Thesis, Purdue University, W.Lafayette, Indiana, 1984. ’ 

SSugai, M.Sato; T.Kobayashi, J.Akimitsu, T.Ito, H.Takagi, S.&hid& S.Hbsoya, 
T.Kajitani, and T.Fukuda, Phys. Rev. B4i (1990),. 1045. 

/ L 



ICANS-XI International Collaboration on Advanced Neutron Sources 
KEK. Tsukuba, October 22-26,199lI 

Crystal Analyzer Type Spectrometer LAM-D 
at KENS Spallation Thermal Neutron Source 

K. Inoue,l) T, Kanaya,2) Y. Kiyanagi,l) K. Shibata,3) K. Kaji,2) 
S. Ikeda,4) H. Iwasa,l) and Y. IzumiS) 

1) Department of Nuclear Engineering, Hokkaido University, Sapporo 060,~ Japan. 
2) Institute for Chemical Research, Kyoto University, Uji, Kyoto-fu 611 ,‘Japan. 
3) Institute for Material Research, Tohoku University, Sendai, Miyagi-ken 980, Japan. 
4) National Laboratory for High Energy Physics, Tsukuba, Ibaraki-ken 305, Japan. 
5) Macromolecular Research Laboratory, Faculty of Engineering, Yamagata University, 
Yonezawa, Yamagata-ken 992, Japan 

We constructed the inelastic scattering neutron spectrometer LAM-D covering the energy 
transfer range up to 300 meV with the resolution A@1 less than 6%. The basic princile of 
LAM-D is the same as the quasielastic scattering spectrometers LAM-40 and LAM-80 at 
KENS. 

Introduction 

In the previous paper [l], we have reported two crystal analyzer type 
quasielastic neutron scattering spectrometers LAM-40 and LAM-80 which 
have been installed at the KENS spallation cold neutron source at the National 
Laboratory for High Energy Physics (KEK), Tsukuba.[2] LAM-40 with PG 
analyzer mirrors can cover the energy transfer range up to 10 meV with a 
conventional energy resolution A&=0.2 meV at the elastic position. LAM-80 
with PG mirrors has a rather high energy resolution of A&=0.02 meV while 
the energy transfer range is limited below 0.5 meV. Applying mica crystals, 
we have recently made a great progress on LAM-80 in the energy resolution. 
This new machine LAM-80ET has been reported elsewhere.[3]. The energy 
transfer ranges covered by the two spectrometers are not so narrow 
compared with other machines which have the same order of the energy 
resolution.[4] However, it is often essential to measure in a wide energy range 
up to several hundred meV for some physical phenomena such as molecular 
vibrations. At the present stage, it is probably impossible to design a single 
quasi- and inelastic spectrometer covering such a wide energy range with high 
energy resolution. Therefore, in addition to LAM-40 and LAM-80, we have 
designed and constructed an inelastic scattering spectrometer (LAM-D) to 
cover the energy range up to 300 meV with the energy resolution of A&/E1 
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less, than 6% through the whole energy range. The, basic, principle of LAM-D 
is the same as LAM-40 zlnd LAM-80 while some special considerations have 
been made on the design of LAM-D for the high energy transfer 
measurements. Prototype of LAM-D was installed at the KENS thermal 
neutron beam hole (H-6) in 1982 and the final version is now in practical use 
on the thermal beam hole (H-9). Combination of the three spectrometers 
LAM-D, LAM-40 and LAM-80 is very powerful for investigation of 
dynamics of various molecular systems. 

In this paper, we will first recall the basic principle of the LAM-type 
spectrometer and clarify the characteristics of LAM-D comparing with 
LAM-40 and LAM-80 in sec.2 and the description and the performance of 
LAM-D will be given in sets. 3 and 4 including some experimental results. 

2. Basic Principle of LAM-type Spectrometer 

General layout of the LAM-type spectrometer using a pulsed neutron source 
is illustrated in Fig.1, which is an inverted geometry quasi- and inelastic 
spectrometer. Pulsed neutrons with a wide energy distribution emitted from 
the thermal or cold moderator (H20 at room temperature and CH4 at 20K 
for thermal and cold moderators, respectively, at KENS) are incident on a 
sample after flying through the first flight path (11) and the scattered-neutrons 
with a fixed energy are selected by analyzer mirrors and detected by neutron 
counters. The distance from the sample to the analyzer mirror is the same as 
that from. the mirror to the detector, which is a half of the second. flight path 
length (12). Measurement of.energy transfer of neutrons is performed by a 
time-of-flight (TOF) technique. In the case of TOF measurements, the 
energy resolution required is attained by selecting an appropriate length of 
neutron flight path. The energy resolution of the crystal analyzer mirror can 
be selected by adjusting the Bragg angle. The combination of devices’enabled 
us to design a set of quasi- and inelastic spectrometer with large flexibility of 
performance. 

For the LAM-type spectrometer, the time spectrum of the scattered neutrons 
from the sample at a scattering angle 6 is given by [ 1,5] 

q(t,e) = constjj@[El,t -,12/(2E2/m)l/2] o(El+E2,q)R(E2)dEldE2 (I) 
,’ 

where $(El,tl) is the incident neutron flux at time tl into the sample, 

a(El+E2,0) is the ‘incoherent differential scattering crcksection, R(E2) is 
the energy resolution function of the crystal analyzer mirror; m is the neutron 
mass; and 12 is the average flight path length ofthe scattered neutrons. 
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The quantities measured are the energy transfer E and the scattering vector 
Q defined by 

E=E~ -E2 (2) 

and 

Q=kl-k2 (3) 

where kl and k2 are the wave number vectors of the incident and the 

scattered neutrons, respectively and Q2 is given by 

Q2 = (2m/h2)[El + E2 - 2(ElE2)1/2cosCI ] (4) 

The energy resolution of the LAM-type spectrometer is given by [ 1,5] 

AC = 2El[(Atz2+ At12 + At22)/tl2 

+ (E2/E1)2 { (coteg~~~)2 + @W2 > 1 1/2 (3 

where At, is the pulse width at half-maximum dependening on the neutron 
energy and AtI and At2 are the variances of the flight time of neutrons due to 

the fluctuations of the flight path length l1 and of the analyzed energy E2, 

respectively. 8B is the Bragg angle of the analyzer mirror and A8B is the 

angular spread of the Bragg angle. AZ is the variance of the reciprocal lattice 
vector z of the analyzer crystal due to the limitation of the number of lattice 
planes contributing to the reflection. [5] The first, second and third terms in 

the right hand side of eq.(5) are the variances in the time-fo-flight 

measurement and the forth and fifth terms are due to the analyzer mirror 

resolution. The first term Atz/tl was calculated as a function of the incident 

neutron energy El and the result is shown in Fig.2. In this calculation the 

first flight path length was taken to be 4.3 m. This term decreases with 

increasing the incident energy El because the pulse width of neutrons At, 

decreases with increasing El. In the case of high resolution quasielastic 

machines such as LAM-80, this contribution to the energy resolution is 
serious so that long flight path is essential to diminish it. The second term 
which is determined by the sizes of the neutron beam and the sample is small 
enough compared with other terms in our case as shown in Fig.2. The third 
term At2/tl was also calculated as a function of El, taking ll and l2 as 4.3 m 
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and 0.6 ml respectively; andthe ‘average analyzing ~energy as 44 meV. In 
contrast to the first term, it increases with El. In the ease of “inelastic 

spectrometers covering high energy region like LAM-D, this contribution 
should be diminished without sacrificing, the -other contributions tg the I 

resolution. This term can be rewritten ‘as. 
_’ 

Atgtl.= (1/2)&./l~)(E~/E2)~&IE~2) ‘8“ 

1. 

.I I, (6) . . . . 
I :, : ‘_ . 

According to eq.(6), in order to ‘achieve higher energy resolutioniti the high 
energy region;, it is necessary to- decrease the second ,fhght -path length ~l2. 
Therefor, 12 of LAM-D was designed to be 0.54 m, which is much shorter 
than that of LAM-40 and LAM-80 (1.2m). It is necessary to evaluate the 
spread. of the’ Bragg angle ACIB for calculation of the forth term. The 
resolutton function of the analyzer m&or R(Q) can be cakulated by ..the 
following equation-[S], 

., 

. 

R(eB,,) = ,jjj p(r,X,S) k-XI-2 Ic_S$2 -. : ’ 

. x 6[ @.- 8B(r,C,S) J.. drdCdS. (7) 

. 

where &(r,C,S). is the Bragg angle determined ,by the positions on the sam& 
r, me mirror Z -and the counter S, and p(r,X,S) is a factor representing 
efficiency due to the projection of each plane and the mosaicness of the 
crystals. The .integrations are performed with respect. to- the. volume of the 
sample, the. surface of the mirror and the surface .of the counter wjndow. 
R(8B) cakulated for,& Bragg .angle 39 deg is shown in Fig.3. In the 
calculation, the size of the crystal pieces is 12 mm x 12 mm and 2 mm in 
thickness with 1.2 deg mosaicness and the total number of the pieces is -56; 
they are arranged in seven columns. The average, second flight path length 
was taken to be 0,6 m and the cylindrical sample is 14 mm in diameter, 0.1 
mm in thickness and 60 mm in height. The window size of the counter is 1‘4 
mm in width and 60 mm in height. The spread of the Bragg angle was 
determined to be 1.1 deg from R(0B) in Fig.3. Using this value, the- El 
dependence of the forth term (E2/El)COteBAeB was calculated in Fig.2. The 
contribution of this term is large in the low energy region while it is not so 
serious in the high energy region. In the case of LAM-D, the fifth term 
(AT/~). is small enough to neglect as compared with the other terms as shown’ is 
Fig.2. 

Based on the results in Fig.2, we calculated the overall resolution of the 
spectrometer A&/El through eq.(5). The results are shown as a function of the 
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incident energy El in Fig.4 where A&/El for11=8.6 and 12.9 m are also 
indicated. 

3. Description. of the LAM-D Spectrometer 

Fig.5 illustrates the configuration of the LAM-D spectrometer. The 
spectrometer is installed at the H-9 thermal neutron beam hole at KENS, 
which sees the thermal neutron moderator (H20 at room temperature). 
Energy distribution of neutrons from the thermal beam hole is shown in 
Fig.6. The flight path from the moderator to the sample is evacuated and the 
length (11) is 7.25 m. . 

Each analyzer mirror is made from 56 pyrolitic graphite (PG) crystal pieces 
of 12 mm x 12 mm x: 2.mrn in size with a mosaic spread of 1.2 deg; As seen in 
Fig.5, two analyzer mirrors are symmetrically mounted at the scattering 
angle 35 deg and the other two at 85 deg. The 15 cm beryllium (Be) filters, 
which are cooled by liquid nitrogen, diminish the higher order reflections 
from the analyzer crystals. The length of the Be fiiter was determined by 
Monte Carlo simulation for transmission of neutrons with total atomic-cross 
section of both ot=O.5 and 7.5 barns, which correspond to those below and 
above the Be cutoff wavelength [6]. The results of the simulation is given in 
Fig.7. 

The set of the mirrors and Be-filters is housed in an evacuated container 
surrounded by neutron shield made of borated resin and cadmium sheets. 
Moreover, each analyzer mirror has its own inner shield. 

A hollow cylindrical shape was adopted for the sample container to assure 
identical geometrical conditions for every analyzer mirrors. The typical 
dimensions of the sample are 14 mm in diameter and 60 mm in height. These 
dimensions were determined by the optimization condition calculated between 
the energy resolution and the counting efficiency. The thickness of the 
sample depends on the scattering and absorbing cross section. It is essential to 
use a thin sample in order to avoid self-shielding and multiple scattering in 
the sample . For example, in the case of water, a sample of 0.1 mm thick is 
desirable. The outer and inner walls are made of aluminum of 0.25 mm in 
thickness. This container can be also used for measurements on the LAM-40 
and LAM-80 spectrometers. 
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Raw spectra of vanadium measured with LAM-D are shown 
(b) for scattering angles of 35 deg and 85 deg, respectively. 

in Fig.8(a) and 
Each spectrum 

was obtained by summing up two spectra measured at the sj&netrical 
position with the same scattering angle. The thickness of the vanadium sample 
is ~2:mm and the‘measureing timeis’ 8 hours. The peak counts: Bre given in the 
figures whitih enable us to estimate the intensit); performance; of the LAM;D 
spectrometer; :. 

,.:_: j : :. .., ._ 
.” ~ -I 

.,, . . : .: ..:, ,- 

Expanding the- spectra- in the irielasti&egion in Fig.8, ‘inelastic scattering 
from phonons .invanadium is&early observed. -‘Fig.9 shotis the spe&rum~of 
vanadium measured with LAM-D without the 15 cm Be,-filter. The-higher 
order refletitibns from the analyzer mirror are very strong in the inelastic 
region. For example, the second peak is about 5 times larger than the first 
reflection peak. It is because the intensity of incident neutron at 4.4 meV 
(elastic energy) is much weaker than that for the second and third reflection as 
shown in Fig.6. The results indicate that the 15 cm Be-filter works 
efficiently. 

Full-width at hlaf-maximum (FWHM) of the elastic peak evaluated from 
vanadium spectrum is 0.40 meV, which agrees with the theoretic& value in 
Fig.4. It means that the evaluation of the energy resolution through eq.(5) 
works very well in the’low ,energy region. However, it is ‘difficult to. confirm 
whether the estimation of resolution-in the high.energy region is correct or 
not, ‘since the energy resolution. cannot be measured directly in, the high 
energy region. As shown in Fig.2, the resolution -is mainly governed by the 
term At2/tl. which is determined by .AE2 and by ,convolution of- AE2 and 
Atz/tl in high and low energy regions, respectively:- In the’ low energy 
region, as shown above, the theoreti&al evaluation warks w&This probably 
means that Ive can precisely calculate AE2 and therefor, it is expected that the 
evaluation of the resolution in the high energy region also works well. _ 

. . 

Inelastic scattering spectra from t&s-l ;4-polychloroprene (PCP) at’ 10 K. are 
shown in Fig.10 where the spectra from the container are also’indicated after 
normalization by the monitor &tnts. The thickness of the sample is 0.1 mm 
and the measuring time is 8 hours. These ‘raw spectra make us to conclude 
that the performance of LAM-D for the S/N ratio is extremely good up to 300 
meV. The intense signal below 30 TOF channel is due to fast neutrons with 
energy higher than Cd cut-off energy. Fortunately, this fast neutron 
background does not contaminate the sample data below 300 meV. In the PCP 
spectra we can clearly recognized C-H stretching at 2950 cm-l and some 
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sharp peaks which agree with the results of normal coordinate calculation for 
a single chain of PCP.[7] 

5. Conclusion 

The spectrometer LAM-D with combination of the pulsed thermal neutron 
source have demonstrated satisfactory performance for the measurements of 
inelastic scattering in the energy range up to 300 meV. The basic principle of 
LAM-D is the same as that of the quasielastic spectrometers LAM-40 and 
LAM-80, so that the data reduction methods developed for LAM-40 and 
LAM-80 can be applied to data of LAM-D with small modifications. With 
combination of the three spectrometers, we can cover the energy range form 
1peV to 300 meV. It is very powerful to investigate condensed matter 
physics. 
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Fig.1. General layout of the LAM-type spectrometer using a pulsed neutron source. It is 
an inverted time-of-flight quasi- and inelastic scattering spectrometer. 
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Fig.2 Incident energy dependence of each variance contributing to the enenrgy resolution 
[see eq.(5)]. 
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Fig.3. Calculated resolution function of the analyzer mirror for the Bragg angle 39 deg. 
The size of the sample is 14 mm in diameter; 0.1 mm in thickness and 60 mm in height. 

The number of the pieces of PG crystals of 12 mm x 12 mm x 2 mm in size is 56. The size 
of the counter window is 14 mm in width and 60 mm in height. 
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Fig.4. Incident energy dependence of overall resolution of LAM-D calculated for 11=4.3, 

8.6 and 12.9 m. Other parameters are the same as in Fig.2. 

1090 



I /. I O.Sm 
. SAMPLE _’ 

:Fig.S. The inelastic spectrometer LAM-D. : 

.. Energy I meV * 

500 50 -20 10 5 4.4 
I I I I I’ I 

. 

./: 
. . ** 

. 
.’ . 

. 

* . 

. 
. 
. 
. 
. 
. 
. 
. 
. . 
. 
. 
. 

I I I 

0 50 100 150 
TOF Channel 

Fig.6. Energy distribution of neutrons from KENS thermal neutron source; Hz0 at room 

temperature. 

1091 



10' 

1 o- 

16 

a’ 

16 

.I 

4 

105 t 
0 

\ 
I 1 , \ 

’ u 
5 20- 10 15 

T/cm 

Ii’ 

lci2 

1Ci3 

IO4 

Fig.7. Results of the Monte Carlo simulation for neutron transmission through Be-filter. 

Calculation was performed for neutrons below and above the Be cutoff wavelength. The 

corresponding atomic cross sections are 7.5 and 0.5 barns, respectively. 
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Fig.8. Spectra of vanadium measured by LAM-D. The thickness of the vanadium sample 
is 2 mm and the measuring time is 8 hrs. (a): the scattering angle 35 deg, (b): 85 deg. 

6 

Vanadium 

(without Be filter) 

0 
0 200 400 600 800 1000 

CHANNEL NUMBER ( Bpslch ) 

Fig.9. Spectra of vanadium measured LAM-D without the 15 cm Be-filter. 
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F&.10. Inelastic scattering spectra of trans-1,4-polychloroprene at 10K and sample 
container which are normalized by monitor counts. (a): the scattering angle 35 deg, (b): 85 
deg. 
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ABSTRACT 
This paper describes the configuration and performance of a new time-of-flight 

(TOF) small-angle neutron scattering (SANS) spectrometer named WIT installed at the 
pulsed thermal neutron source (KENS) at the National Laboratory for High Energy 
Physics (KEK). We could verify that SANS spectrometer installed at the thermal neutron 
source could be feasible when adequate instrumental devices such as the slit system for 
thermal neutrons, the annular glass scintillator detectors, beam line and transmission 
monitors and a beam stopper were developed. A covered Q-range of WIT is from 0.02 to 
0.1 A -1. 

I. INTRODUCTION 
The SANS spectrometer is a special machine for investigating macro-structures, which is now 

one of the most important instruments for neutron scattering because of its application to wide 
scientific fields as solid state physics, chemistry, material science, polymer and biology. The demand 
for this machine is still increasing and most of the SANS spectrometers are installed at cold neutron 
sources.The type of TOF-SANS spectrometer installed at the cold neutron source has been already 
reported and it is working in many places. However, SANS spectrometers installed at the thermal 
neutron source are few in the world. They might believe as if SANS spectrometer would not work 
without the cold neutron source. It is true that cold neutrons are of great advantage to SANS. 
However, if a good collimated thermal neutron source and a high resolution PSD are available, SANS 
installed at the thermal neutron source might be a match for the one at the cold neutron source. 
Especially when this is applied for the TOF method where unmonochromated white neutrons are used, 
a very wide Q range is covered with a simultaneous measurement. 

By developing several new instrumental devices such as the slit system for thermal 
neutrons, the annular glass scintillator detectors and beamline monitors made of scintillators and a 
special beam stopper, we have constructed a thermal neutron small-angle scattering spectrometer 
named WIT. The paper describes the overall layout and configuration of the spectrometer in the 
next section. Some instrumental devices newly developed for this spectrometer, such as the slit 
system, annular detectors, a beam stopper and data acquisition system, are discussed in this 
section. Then the performance of the WIT is given in III with experimental results obtained . 

II. STRUCTURE OF WIT 
The layout of WIT is given in Fig. 1. The spectrometer is installed at the H2 beam hole which 

is set in the thermal neutron moderator at KENS. 
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An incident slit system is settled inside the biological shield. We have used a converging pin- 
hole collimator which was developed in INC spectrometer at KENS . The rectangular holes made by 
sintered B4C plates and steels were alternatively placed at about 15cm interval to realize converging 
condition of focusing on the center of the detector position. The sizes of inlet and exit are 47 mm * 
47 mm and 32 mm * 32 mm respectively. The distance between them is 2870 mm. 

A specially designed beam monitor is set at the exit of the slit system. It is made of the 
powder of 6Li glass scintillators. The size of the beam monitor is 60 mm x 60 mm. 

A sample chamber is cylindrical, 500 mm in diameter. It is connected with a vacuum scattering 
chamber. Another sample container is put inside the sample chamber when it is necessary to carry 
out the measurement under an atmospheric pressure. A beam window of the sample container is 
made of a thin aluminum plate, 0.2 mm in thickness. 

The scattering chamber is 1 m in diameter and 2.6 m in length. It is surrounded by borated 
resin of 10 cm in thickness for the shielding of neutrons and the inside wall of the chamber is coated 
with the B4C powders in order to remove neutrons scattering from the wall. Moreover, in the 
chamber three disks which are made of solidified B4C with resin (1 cm in thickness) and have holes 
in the center are settled as shown in Fig. 1. In the end of the scattering chamber vacuum is sealed 
by 2 mm thick aluminum, but at the center (100 mm in diameter) where direct neutrons pass 0.2 mm 
thick aluminum is used. 

A detector house is connected with the scattering chamber. It is surrounded by borated 
resin of 10 cm in thickness for the shielding of neutrons. In the house light is completely cut off 
but it is not evacuated. There are two doors at both sides where we can access a beam stopper, a 
detector system and a transmission monitor in the house. 

Annular 6Li glass scintillators are used for the detector system, since the small-angle scattering 
pattern on the area detector is annular about the beam center for the case of the isotropic scattering 
sample. If an annular detector is provided in SANS, the data handling system including electronics 
becomes extremely simple. Since a large and continuous Q range is required, annular detectors with 
different radii are preferable. Details of the annular detectors are explained in this Proceedings. 

In small-angle neutron scattering experiment, it is very important to measure neutron 
transmission of a sample, which is used as an absorption correction. In general, scattering and 
transmission measurement cannot be carried out simultaneously, because the detector system of 
each measurement is different. In the case of scattering measurement a beam stopper should be 
placed in front of the center of an area detector to prevent the detector from the damage of direct 
intense irradiation. In the case of transmission measurement the beam stopper must be removed and 
an attenuated neutron beam is used not to kill the center of the detector. 

6 . 
Lt glass scintillaor beam monitor 
ta Transmission meacruremcnt 

\ 

Beam stopper Sample chamber I% collimator I 
\ B4Cshidd \ I 

annula detectors 

Scattering chamber 
shield 1 Biologicd shield 

Moderator 

‘Li glass scintillator beam monitor 

3&m 5.lm 

Fig. 1. Overall layout of WIT. 
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In the centeiof a cylinder (155 mm in diameter and”150 
mm in length) which is made of .B4C powder solidified 
by epoxy resin, a hole of 5 mm in diameter is drilled as 
transmitted neutrons pass through. Moreover, in our case 
it is not necessary to attenuate incident beams, because the 
transmitted neutrons are detected with another Li glass 
scintillator and the dead time ‘of the glass scintillator is 
estimated to be less than 500 nsec. 

The wavelength,dependences of ‘trnsmission 
have been measured both with and without the new beam 
stopper and both results have coinside within statistical 
errors. 

_ 
B;:C 

Fig. 2. The schematic layout of 
the beam stopper. 

The realization of the simultanious measurements of scattering:and transmission provides 
several benefits, those are,- 

1) to save the maschine time, 
2) to remove the nuisance to mount and then dismount the beam stopper, and 
3) to avoid the unexpected change of sample status which might-occur while scattering and 

We have specially designed-and settled a new_ .. , : 
beam stopper which enables us to *measure both 
scattering and transmission simultaneously. Th,e, 
schematic lavout of the beam stoooer isshown in Fig. 2. -:. 

, : . : , . 

transmission measurements. 
A block diagram of the 

data processing system for the 
annular detector is shown in Fi,g. 3. 
The signal from the photomultiplier 
is directed to the amplifiers, and 
their outputs are fed to a pattern 
discriminator module, which is 
specially designed to be applied to 
the annular detector. The function 
of the pattern discriminator is as 
follows: Suppose that the neutron 
irradiates the scintillator at acertain 
point, P. Ascintillation event occurs 
and scintillation photons transmit 
through the acrylic resin to the 

: Scihator I ‘~~~~~~~~~~~..----~r--.~ _-_a ____ ___ -8 
H.V. Jtf.v,‘(~;~. IH.~. 

Fig. 3. A .block diagram of the data processing system for 
the annular detector. 

neighbouring photomultipliers, 
for example, A and B as shown in Fig. 4. Since the 

scitillation event is stochstic, there are several 
possible combinations of the photomultipliers, for 
example, A,B,C and H, but there is little possibility 
that photomultipliers A, B and D accept photons. All 
the possible combinations of the photomultipliers 
(called as a pattern) that accept photons 
simultaneously is written in the read-only-memory 
(ROM) in the module. This procedure corresponds to 
a kind of the coincidence among more than two 
photomultipliers, and this diminishes the electric 
noise of the photomultipliers. . _ . . . 

(4 (W 

Fig. 4. Illustration how the pattern 
discriminator works. 

A type of the transmission monitor is the same as the one of the beam monitor above 
mentioned. The transmission monitor can be shifted vertically and horizontally about f. 3 cm in 
length as to measure beam profiles and to define the beam center. 
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III. SEVERAL EXPERIMENTAL RESULTS USING WIT 
SANS measurement of Sic is a good example to know the qualification of WIT. Fig. 5. 

shows I(q) of SIC, where the data of different annular detectors were processed separately and 
overlayed. The agreement among I(Q)‘s obtained with different annular detectors is found to be very 
good. The detailed method how to process raw data will be reported separately elsewhere. 

Lysozyme is one of the most typical biological materials as a sample to test a contrast 
variation method for SANS measurement. 

SANS measurement was made for a lysozyme sample in aqueous solution of different 
D20/H20 ratio i.e. lOO%, 90%, 66%, 12% and 0%, where a unit of the ratio is mol%. The mean 

excess scattering density r was determined using +1(O) vs D20/H20 ratio. The obtained Guinier 
plots are shown in Fig.6. A radius of gyration Rg of lysozyme is calculated and compared with 
those reported in the literature. WIT is found to be feasible on the structural study of biological 
materials. 

IV. CONCLUDING REMARKS 
The TOF small-angle scattering spectrometer WIT installed at the KENS thermal neutron 

source has proved to be a feasible machine, having provided good results for the studies of biology 
and material science. 

The authors thank Y.Ishikawa (Deceased) and N. Watanabe for their interest and 
encouragement in construction. Their thanks are also due to M.Furusaka and M.Arai for their 
discussion about the slit system. 
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Fig. 5. The obtained I(Q) of Sic. 
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Diffuse scattering.studies WI SXD 

C C Wilson, S Hull and D A Keen 
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The application of the ISIS time-of-flight sin le crystal Laue diffractometer SXD to the 
* study of diffuse scattering is discussed. The a % ility of such an instrument to access lar e 

volumes of reciprocal space in a single measurement is shown to- be of great bene f! 
making the instrument ideal for the observation of such scattering.. .Examples are 

t, 
‘ven of 

the use of the instrument in this field and the simultaneous use of diffraction an 8 diffuse 
scattering data in structural determination discussed. 

I. INTRODUCTION 

The Single Crystal Diffractometer SXD at ISIS is ideally suited to the study of diffuse scattering. 
This is a consequence of the instrument bein 
exploiting the pulsed, % 

designed as a time-of-flight Laue diffractometer, 

continuous covera 
olychromatic ISIS earn along with large area detectors to provide 

with large detecte J 
e of P arge reciprocal space volumes. The combmation of continues coverage 
volume makes SXD an ideal probe for surveying reciprocal space, measuring 

between the Bragg peaks being as straightforward in this geometry as measuring the Bragg 
peaks themselves. In addition, it is straightforward on SXD to sample the desired measurement 
space without the necessity for accurate crystal ali 

H 
nment 

and/or detector. During the actual measurement o 
or complex angular scans of crystal 

remain fixed. 
a data histogram, a’11 parts of the instrument 

The ability to scan on SXD in this way without knowing precisely what one expects to observe is 
of great benefit in the study of novel systems where the scattering between Bragg peaks may be 
unknown. In addition, the collection of a large reciprocal space volume of data in a single run is 
ideally suited to observing changes with temperature etc, which can be achieved without 
alteration of any other instrument parameters. 

In its first year of scheduled operation, a major part of the SXD programme has been devoted to 
this surveying aspect of the single crystal field, with special emphasis on diffuse scattering. There 
have been several systems studied successfully, tie examples of which are given below to 
illustrate the technique. 

II. DEFECT CLUSTERS IN THE ANION EXCESS FLUORITE (Ca,Y)Fz+, 

Compounds with the fluorite crystal structure provide one of the simplest examples of ‘faGon 
conductors. At temperatures well below the melting point fluorite corn 
undergo a broad transition to the fast-ion phase, characterised by a rapi B 

ounds such as CaF2 
increase in the ionic 

conductivi 
(Hayes, B 19 

and associated with the onset of dynamic disorder within the anion sublattice 
b). The addition of trivalent cations to the halide fluorites introduces excess anion 

interstitials into. the’fluorite lattice which maintain electrical neutrality. To understand the 
profound effect which this doping has on the ionic conductivity (Catlow_et al, 1981) it is 
important to understand the nature of the disordered structure. 

Structural information concerning defect clusters within nonstoichiometric compounds can be 
obtained from both Bragg and diffuse scattering measurements. In a Bragg diffraction 
experiment the reflection intensities enable the average unit-cell structure to be determined, 
indicating the atomic positions and occupancies of various crystallographic sites. However, to 
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obtain direct information concerning the local arrangement of the defect cluster, it is necessary 
to investigate the coherent diffuse scattering, which often exhibits broad maxima between the 
Bragg peaks. A single crystal diffractometer on a pulsed neutron source, such as SXP at ISIS, 
allows lar e volumes of reciprocal space to be investigated in one crystal orientation. It is 

a possible, t erefore, to simultaneously measure a large number of individual Bragg intensities 
and determine the distribution of the diffuse scattering intensity within reciprocal space. 

A combined diffraction and diffuse scatterin 
sam 

B 
le of CaF2 doped with -5%YF3, with t a 

study has been undertaken, using a single crystal 
e aim of constructin a corn lete, and consistent, 

mo el of the defect structure within this anion excess fluorite. Ana ysis oft e e ‘i ’ !I xgerimentaldata 
is currently in progress, using defect clusters proposed in the literature on the asis of various 
experimental and theoretical techniques; To date, the defect cluster which best fits the 
experimental data for both Bragg intensities and diffuse scattering is that suggested by previous 
studies using single crystal diffraction alone and is shown in Figure 1. The fluorite lattice can be 
considered as a simple. cubic array of anions, with the cations occu 
centres. The excess interstitial F-anions are then situated at positions 

ying the alternate cube 
& , -y, l/4) and (-y, y, l/4), 

with respect to the origin on an anion site, and produce relaxations of the two nearest neighbour 
anions m < 111 > directions away from the mterstitials towards cube centres which are not 
occupied by cations. These neighbouring relaxed ions cause further, but pro 
relaxations (not shown in Figure 1) of the 6 next nearest neighbours and e 16 3rd nearest 
neighbours, again in < 111> directions towards empty cube centres. 

Frqkel 8 

Relaxed ’ 
ohm 1 8 

interstitial 

vacancy 

interstitial 

coti0ll 

onim 

Figure 1 - A model for the defect cluster in (Ca,Y)F 2+X, showing the interstitial F’ ion positions 
and the relaxed interstitials F”. 

Values for the 
K 

ositional parameters describing the location of the disordered anions within the 
defect cluster ave been determined by performing a least-s 
data in the (hhl) plane of reciprocal space using the mo 8 

uares fit of the diffuse scattering 
el described above. Scale and 

background parameters are also included, plus an overall isotropic temperature factor for the 
disordered anions. The measured diffuse scattering data and the fitted calculated pattern are 
shown in Figures 2 and 3. Preliminary refinements of the Bragg intensities support the defect 
cluster model obtained from the fit to the diffuse scattering data. A comparison of the positional 
parameters obtained by each approach is shown in Table 1. In view of the encouraging 
agreement obtained, software for simultaneous least squares refinement of the diffuse and 
diffraction data is currently being developed at ISIS. 
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“0 I 2 3 4 

X in ( I.OX, I .0X, 0.0X ) -> 

Figure 2 - The Bragg and diffuse scattering data collected on SXD from (Ca,Y)Fzos. 

TABLE I_- Refined positional parameters from diffuse and diffraction data refinements 

Atom Position 
F’ (O.%a,a) 
F” (bhb) 
F”b (c,c,c) 
F”C (d,d,d) 

Parameter Diffuse 
0.442 

: 0.419 
C 0.284 
d 0.262 

Diffraction 

0.370(9) 

0.403(11) 

0.266(3) 
0.258(5) 
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Figure 3 - The observed 

t 
top) and calculated 
bottom) coherent diffuse 

scattering in (Ca,Y)Fz 
from the defect cluster 
described. The Brag 
thermal diffuse (TDS 
scattering have been 

f 
and 

removed from the 
observed data in a 
semi-empirical way, 
leaving only the diffuse 
scattering due to the 
defects. 

0 

b 
Y 

0 

b 
Y 

1 1 

b 
Y 

X in ( 1.0X. 1.0X. 0.0X ) -> 

X in ( 1.0X, 1.0X, 0.0X ) -) 



III. PRE-MELTING IN LEAD 

Although the solid to liquid transition is familiar to us all, the microscopic mechanism of the 
meltin 

gt solid s 
process is not well understood. Materials which show ‘pre-melting’ effects, when the 
ows signs *of structural disorder prior to melting, have been investigated to try to 

determine what happens when a solid melts. 
.a reasonably low melting point (Tm = 

Lead is one such material, having the advantages of 

crystals. 
6OlK), a simple fee structure and readily available single 

Conductivity measurements show changes around 60K below T, which are attributed 
to the formation of liquid-like defects in the crystal structure. Phonon linewidth measurements 
also indicate a change in behaviour above 500-55OK. 

The diffuse neutron scattering has been measured on SXD from a single crystal lead sample at 
5K, 293K, 373K and 548K in the (hhl) plane (Figure 4). This scattering shows the development 
of the thermal disorder in the material as the temperature is increased towards the melting point. 
There is considerable diffuse scatterin even at room temperature, which becomes more 

& 
renounced as the tern erature is raise ti 
arely visible in these p P 

still further. At 548K, the high-Q Bragg peaks are 
ots, demonstrating the high disorder in lead at these high tern eratures. 

The thermal disorder in a crystalline material may be determined via Debye-Wal er factors P 
calculated from Bragg scattering (Merisalo, Lehmann and Larsen, 1984). However, in a 
material where the dominant scattering is diffuse rather than Bragg, this ma 
Using Reverse Monte Carlo simulation (Keen, Hayes and McGree ,199O 
factor may be modelled and the thermal disorder assessed from Y 

r 
not be appropriate. 
the whole structure 

scattering. The patterns shown here will be analysed in this way. 
0th the diffuse and Bragg 

Having demonstrated that SXD is ideally suited to this sort of measurement, further experiments 
are planned to measure the diffuse scattering up to the melting point in order to allow the 
determination of changes in the disordered structure associated with the ‘pre-melting’ in the 
material. 
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Figure 4 - Scattering in 
the (hhl) 

cf 
lane of lead, 

measure on SXD at 5K, 
293#, 373K and 548K. 
The increasing de 

Q 
ee of 

diffuse scattermg etween 
the Bragg peaks as the 
temperature increases is 
obvious from these plots. 
Modelling of the whole 
pattern in a case such as 
this obviously has 
significant benefits over 
merely refining on Bragg 
intensities. 
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High precision structural refinement from time-of-flight single crystal data 

C C Wilson 
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STRACT 
The use of time-of-flight single crystal data in structural refinement is discussed. The 
advantage of variable wavelength and high sine/X data can lead to significant1 more 
precise and informative refinement information. Reliable and accurate strategies r or data 
reduction are crucial, however, and some of the complexities and possible solutions are 
mentioned. 

I. INTRODUCTION 

Pulsed source single crystal diffraction has, by its nature, several features which are of benefit in 
structural refinement: 

(9 The collection of many Bragg reflections simultaneously in the detector allows the 
accurate determination of crystal cell and orientation from a single data histogram 
(collected in one fixed crystal/detector geometry). It should also be noted that for some 
applications this single histogram may be the only data required; 

(ii) The white nature of the incident beam enables the straightforward measurement of 
reflections at different wavelengths. This ability is invaluable in the precise study of 
wavelength dependent effects such as extinction and absorption; 

(iii) The collection of data to the very high sine/X values accessible on SXD (exploiting the 
high flux of useful epithermal neutrons from the undermoderated ISIS beams) allows 
more precise parameters to be obtained, enabling the examination of very subtle 
structural features. 

For many problems in physics, the refinement parameters required are not the normal positional 
and vibrational parameters, but may be (or may be classed as) second, or higher, order effects. 
For example, disordered structures, higher order potential terms, incommensurate or satellite 
peaks, new minority phases etc. In order to be able to extract parameters such as these reliably 
and precisely, it is necessary both to extract accurate diffraction intensities to very high Q and to 
ap ly all necessary corrections to these data in the reduction to a set of structure factors for 
re inement. F 
II. DATA EXTRACTION AND REDUCTION 

The extraction of structure factor information from an SXD data set proceeds in two stages. 
Given the provision of an accurate UB matrix from the earlier stages of the data processing 
procedure, integrated intensities are extracted from the raw data using Wilkinson’s modification 
of the o(I)/1 method (Wilkinson, 1986; Wilkinson et al, 1988). This procedure involves fitting 
variable-shaped ellipsoidal integration volumes around the reflection position as predicted 
from the crystal UB matrix. Local interpolation of the 
accuracy and can also be used to improve the quality o F 

eak centroid improves the integration 
the UB matrix. The “learning” of the 

shapes of the stronger reflections is exploited by imposing these shapes upon the profiles of 
weaker reflections occurring in similar regions on the detector. The use of this peak shape 
libra 

x bene 
method allows significantly more reliable weak intensities to be extracted, along with the 

‘t of more accurate strong intensities from the application of the o(I)/1 technique. Since 
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reflections at high Q tend to be rather weak, the availability of data at very high sintYh values of 
~2A-l on SXD depends strongly on the successful and reliable extraction of weak peak 
intensities. 

Once a reliable set of integrated intensities has been extracted from the raw data, it is necessa 
to reduce these to structure factors. For this we use the formula of Buras and Gerward.(l97 3 

4k= i,,(A) V N2 jF# &4 ~@,a) A&) &(A) / 2sin2& (1) 

where 

41 is the measured intensity of reflection h; 
i,(A) is the incident flwc; 
V is the crystal volume; 
N is the number density of unit cells; 
lF$ is the structure factor magnitude of reflection h; 
& is the wavelength at which h is measured (A4 is reflectivity); . 
E(A,oI) is the detector efficiency, a function of wavelength and detector coordinate 

B 
01 = c+z)]; : 
h is the Bragg an 

It should be note ti 
le at which h &measured (The term 1/2sin2% is the Lorentz correction. 
that in time-of-fli 

correction refers is the contraction o P 
ht Laue diffraction, the “moving” part to which this 

frame); 
the Ewald sphere (radius l/A) during the pulse time 

4 A is the absorption correction; 
I& (1 A is the extinction correction. 

In practice on SXD at present this data reduction is accomplished in three stages : 

(9 The detector spatial 
integration program; 

response correction E[cY(~,z)] is taken account of within the peak 

(ii) In the main reduction program SXDRED, the expression evaluated is 

lFh1 = {4,2sinz@, /(i,(A) V Nz b4 E(A)) (2) 

(iii) In the Cambridge Crystallographic Subroutine Library (CCSL; Brown and Matthewman, 
1987) routine TOFBA, the coefficients for the evaluation and- subsequent refinement of 
wavelength and path length dependent absorption and extinction corrections are calculated. 

Structure factor refinement is then carried out’within the framework of CCSL using the least 
squares program SFISQ. In addition, of course, the flexibility of the CCSLsystem allowsspecial 
features to be conveniently built in to a refinement, such as bond,constraints, relations between 
variables, magnetic structures etc. 

III. FURTHER DATA CORRECTION - THERMAL DIFFUSE SCATTERING 

Thermal diffuse scattering (TDS can be examined indetail using SXD. For a time-of-flight 
1’ experiment the TDS around an e astic peak displays an appearance characterised by the ratio of 

the velocity of sound in the crystal to the neutron velocity. Early work on this phenomenon was 
carried out on HRPD at ISIS in backscattering geometry (Willis et al, 1986) but there are 
considerable than ‘es in the phonon spectrum as the scattering geometry changes on SXD. 
Measurements oft a is effect (Figure 1) are made possible on SXD as a result of the extremely low 
background close to the Bragg peaks obtained using the ZnS fibre-optic encoded PSDs. 

It is hoped that a detailed understanding of such TDS processes and their wavelength and 
geometry dependence will enable more accurate corrections to be made.to intensities collected 
on SXD. The use of both empirical and analytical models for the TDS under Bragg peaks is 
being investigated. . /. 
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Figure 1 - The 
thermal diffuse 
scattering around 
the (004) 
reflection of SrF2. 
as measured on 
SXD. Note the 
presence of the 
one phonon 
branch and the 
obvious anisotropy 
of the correction 
required for this 
effect. 
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Iv. PROFILE EXTRACTION OF INTENSITIES 

The question of subtraction of TDS corrections of the type shown in Fi ure 1 illustrates the 
desirability of utilising the 3D peak shape information inherently availa % le in time-of-flight 
single crystal diffraction. Clearly to correct satisfactorily for scattering processes of this type one 
should do more than simply integrate over some averaged integration volume shape. Ideally 
one would correct point-by-point in Q-s 

P 
ace. Once this is contemplated, the obvious next step 

is to extract integrated intensities by a ful 3D profile fitting procedure, analagous to the Pawley 
method in powder diffraction (Pawley, 1981), m which detailed peak shape knowledge is used to 
optimise intensity extraction. 

The potential for this method of intensity extraction has been illustr ted using the (001) row of 
the W-type hexaferrite Ba(Fe,CohFel60n (c-axis length = 32.9&. In this case, accurate 
intensities were extracted as far as the (O,O,SO) reflection, into a region where the diffraction 
peaks from this material measured on SXD are very significantly overlapped. The high sine/h 
values made accessible by this technique should substantially improve the potential resolution of 
SXD data sets, in addition to allowing detailed &dependent corrections to be made. Work on 
the 2D and 3D profile methods is in progress, especially in relation to intensity extraction from 
the large unit cell materials intended for study on the proposed biological diffractometer DIBS. 

V, STRUCTURAL STUDY OF SrF2 - EXTINCTION AND ANHARMONICITY 

For this experiment (Forsyth, Wilson and Sabine, 1989) a cylind_rical sample (height 8mm, 
diameter 2Smm) of the fluorite material SrF2 mounted along < 110 > was used. In this case 
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data were collected solely in the equatorial plane of the instrument, ‘allowing access to 
reflections. The scattering an les for the data collection ranged from SO-1lQ” in28, an 

hhl) 

wavelength range from 0.36-6 x 
6 the 

The resulting 101: reflections were used inSFI_SQto refine the 
structural parameters (Wilson and. Forsyth, 1989). It should-,be noted that. not all .of. these 
reflections have, unique h,k,l values. Since identical reflections measured ,at different 
wavelengths remain distinct observations until all wavelength dependent terms are corrected for 
and since in-this case extinction is refined in the least squares pro am,these reflections areused 
se arately in the refinement data set. Extinction was corrected or using a variable wavelen 
cf 

f’ th 
a aptation of the CCSLextinction’correction routine using a Becker-Co gP ens Gaussian mo el, i 
with one variable parameter. The refined parameters are shown in Tm e 1. 

TABLE 1 - Refined SrF2 structural parameters 
.’ 

Scale 
B!+ 
BF 
mosaic spread 
ll (unweighted)’ 0.050 

On completion of this refinement; however, it was clear that allowance for anharmonic thermal 
vibrations of the fluorine atoms would significantly im 
the thermal vibrations of the tetrahedrally bound K 

rove the quality of the fit. In this model, 
uorine atoms in the SrF2 structure are 

defined by the potential 

VF(I) = VOF,+ "+x2 + YF2 + $1 + P~XFYFZF) :I (3) 
. . . : 

: ; 

where xF, yF, zF are the dis lacement coordinates for the thermal vibrations of the fluorine atom. 
It can be shown Mair an 

6 
B Barnea, 

the intensities o 
1971) that the third order term @p-has a-significant effect on 

reflections where the sum of indices lhl +lkl+lll = .4nfl. -The. ratio of two 
structure factors of this type can be written as ._ ‘., .. _. _. _ 

F+/F_ = 1 -(2b&,).exp{(Bs,-BF)[(h2+k:!+l2/4a2)]} x _j -. : .’ -’ .!f 

(&&hr@ (l$/kT).[lhtktltl + lh2k&] (4) 

where 

lFf1 are the structure factors for reflections with 1 h I+ 1 k I+ 11 I = 4nkl; 
bs,, bF are the scattering lengths of Sr and F; 
Bs,, BF are the isotropic temperature factors; 
a is the cubic cell parameter; 
k is the Boltzmann constant; 
T is the absolute temperature; 
PF is the anharmonicity parameter for fluorine. 

It can be seen from this that if one measures pairs of reflections with equal (h2 + k2 + 12), which in 
the harmonic approximation have equal intensities, then b (4) some intensity variation can be 
e ected for airs whose lhl + lkl + 111 = 4nfl (see Figure 2 
(Th h & b 

3 . It can also be seen from equation 
t at t e e ect ecomes more pronounced at higher Q - this is where the ability of SXD to 

e 
va uable. The very high sine/h attainable on SXD shou “p 

loit the useful ISIS epithermal flux and access the hi hest resolution data becomes es 
f d allow greater precision to be o 

ecially 
! tained 

in the determination of the anharmonicity parameter l,&. 

To examine this effect, further data were collected on SXD consisting of: 69 (hhl) reflections 
measured in a full 360” o scan, with all 4 
further reflections of the 4n -C 1 type discusse “d” 

metry equivalent reflections avera ed; and 19 
above, which are expected to exhibit t i e effects of 

anharmonicity in a pronounced way and were collected at higher statistics. The latter set of 
reflections do indeed demonstrate significant anharmonic effects, as illustrated in Table 2. 
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Fi re 2 - The (3,3,15) (top) and 
($8) reflections of SrF2. In the 
harmonic approximation these two 
reflections would have e ual 
intensities. The observe % intensity 
difference is due to the anharmonic 
thermal vibrations exhibited by the 
fluorine atoms. 

Peak paremeters 
Peak area =3266.063* lW.6S6 

Position = 1137.106 * 0 266652 
o =2.%39743 t0.229701 
t=3.003677t0.416271 

Weighted k’= 1.891 

Peak parameters 

Peak aaa=2660.019=6&5194 
Position = 1135.767 r0.523735 

LI =3.579493 t 0.269574 
, = 1 A66920 f 0.644063 

Weighted x3= 1.734 

&no (microseconds) 

TABLE 2 - Anharmonicity affected pairs of reflections measured for SrF2 

The ‘expected’ values in this 
table were calculated using the 
Cooper and Rouse value of pF, 
the ‘calculated’ values using the 
raF;ed value from the SXD 

. 

&(h*+k*+l*) 

RATIO (P+/P_) 

Pair Expected Measured Calculated 

99 (5 5 7) (4wl1 1.045 1.042(b) 1.047 
is 3 9j i4a-lj 

123 

171 

107 

219 

243 

323 

363 

(5 5 7) (4wl) 

(7 7 1) (4n-1) 

(1 1 11) (4n+l) 
(7 7 5) (4n-1) 

(5 5 11) (4n*l) 
(1 1 13) (4n-1) 

(3 3 13) (4n-I) 
(9 9 5) (bn-1) 

(7 7 11) (4n+l) 
(5 5 13) (4n-1) 

(3 3 15) (4n+l) 
( 9 9 9) (4%1) 

(3 3 15) (4n+l) 
(11 11 1) (4n-1) 

(7 7 15) (4n+l) 
(11 11 9) (4n-1) 

(11 11 11) (4n+l) 
(13 13 5) (dn-1) 

(1 1 19) (4n+l) 
(13 13 5) (4n-1) 

1.039 1.043(5) 

1.042 0.996(5) 

1.043 1.032(6) 

1.000 0.983(8) 

1.119 1.160(19) 

1.113 1.107(U) 

1.034 1.044(9) 

1.205 1.308(31) 

1.226 1.207(45) 

1.090 1.110(40) 

1.041 

1.045 

1.046 

1.000 

1.126 

1.120 

1.036 

1.217 

1.240 

1.095 

Maximum sine/X = 1.696 A-' (0 3 21.2 A-') 
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The anharmonicity refinements were carried out in an adaptation (&fair and Barnes,. 1971) of 
the ORFLS program (Busing, Martin and Levy, 1962), using data p&corrected for-extinctron m 
CCSL. The results of the refinements are summarised in Table 3. 

TABLE 3 - Anharmonicity refinements on SrF2 

Reflections Anharm Scale Bsr BF 

used Refined Factor (&) ‘(AZ) 
PF R 

(x10-19 J.A-3) 

ALL (88) NO 1.006(8)’ 0.454(11)’ 0.737(16) 0.0425 
ALL (88) ;YES 1.007(6) 0.457(10) 0.737 -5.0(1.5) .. 0.0388 

4nfl(l6) NO 1,100(41) 0.539(30) 0.732 0.0441 
4nfl(16) YES 1.107(?) 0.539 0.732 _ -4.02(28) 0.0219 

The improvements in fit .are apparent in both cases, but are of course especially emphasised 
when only those pairs of reflections exhibiting anharmonicity are used. 

The PF parameter obtained from the refinement should be compared wi h that obtained from a 
least squares fit of the observed F+/F_ ratios (-4.19(30) 1 ‘19 J. 
determination by Cooper and Rouse (1971) (-3.95(46) lo-19 J. w 

A -3) and the previous 
‘3) from reactor data. These 

determinations of the &parameter agree well with each other, but it is pjain that theprecision of 
the SXD determination is higher, 
attained in the earlier study (0.9 i 

eflectingthe high sine/h reached (1.7A-1) compared with that 
-1). 

VI. REFINEMENT OF RELAXED FLUORINE ION POSITIONS IN (Ca,Y)Fz_-,S 

The doping of 5% YF3 into CaF2 introduces interstitial .fluorine ions into the lattice. These 
interstitials cause relaxation of neighbouring fluorine atoms residing on normal tetrahedral 
fluorite anion sites. The principal interest in the study of these potential fast-ion conduction 
materials is in the examination of the coherent diffuse scattering caused by the formation of 
these defect clusters. However, since the relaxation of these ions is, on average, coherent 
throughout the sam 

P 
le, the diffraction, or structure factor, data also contains information on the 

geometry of the re axed ions. It is obvious that the two types of information do not exist in 
isolation but that the same model ought to be derived from both diffuse and diffraction data. 

To this end, in a recent experiment on SXD,. two sets of data were collected from the 
CaF2-S%YFs system, from two crystals grown from the same solid solution. Data from the 
larger of the two crystals was used in studying the diffuse scattering and diffraction data were 
accumulated from a smaller, cylindrical crystal 
were collected close to the equatorial plane o I 

height lOmm, diameter 3mm). Both data sets 
SXD from sam 

allowing access to reflections close to the (hhl) plane. A total o P 
les mounted along < 110 > , 
116 1 Fh 1 values were used in 

these preliminary structural refinements, to a maximum sinf3lX of 1.45 A-l. 

The initial model used was based on that of Cheetham et al (1971), with the interstitial fluorine 
atom F’ displaced alon 
The diffraction data wi li 

the < 110 > direction and the relaxed F” ion alone < 1 1 1 > (Figure 3). 
1 of course merely ive 

aim of the diffuse scattering to reveal the 7 
a crystal average for these relaxations - it is the 

ocal clustering arrangement. 

These initial refinements were successful, with values obtained for fluorine positions, thermal 
parameters and site occupancies which were in good agreement with the previous work (see 
Table 4). At this stage, however, a more extended model of the cluster was obtained from the 
diffuse scattering data which introduced further relaxed fluorine ions in two next neighbour 
positions. From the diffuse scattering data these ions, F”b and F”c, both again relaxed along 
< 111 > , had coordinates of (0.28,0.28,0.28) and (0.26,0.26,0.26). Such is the nature of the 

1111 



relaxed ion “tree” introduced by the initial interstitial F’ ion, that there are 2 F?’ ions, 6 F”b ions 
and 16 F”c ions in this model. The residual F atom occupancy on the original tetrahedral site is 
now as low as 0.46. 

Relaxed ’ 
a&l I @ 

interstitial 

vacancy 

interstitial 

@ 

0 
cation 

anion 

Figure 3 - A model for the defect cluster in (Ca,Y)F 205, showing the interstitial F’ ion positions 
and the relaxed interstitials F”. 

TABLE 4 - Preliminary refinement results for CaF2-5%YF3 

116 observations, 9 variables, R = 6.83% 

Scale = 62.5(22), Mosaic Spread = 0.56(9) lOA rad-l 

Atom x/a y/b Z/C B;r,, (A2) Site F?&, 

Ca 0.0 0.0 0.0 0.684(41) 

F 0.25 0.25 0.25 0.881(37) 0.970( 18) 1.94(4) 

F’ 0.5 0.377(4) 0.377(4) 0.65(6) 0.0058(14) 0.070( 15) 

F” 0.407( 16) 0.407( 16) 0.407(16) 0.65’ 0.0057( 14) 0.046( 12) 

The introduction of this model leads to the refined parameters given in ‘Bble 5, and a slightly 
reduced R-factor of some 6.5%. The data reduction in this case was carried out rapidly on this 
recently collected data and with care the intensity information should improve. The most 
impressive aspect of the preliminary refinement, by now involving a highly distorted structure, is 
the stability of the F”b and F”c positional coordinates, which are refined straightforwardly from 
the data in spite of their small deviations from the tetrahedral site and their rather low 
occupancies. The refined coordinates for these 2nd and 3rd neighbour relaxed ions agree fairly 
well with the values obtained from the diffuse scatterin data fit. This gives some confidence that 
the interstitial-relaxed ion model being proposed is airly close to the true defect cluster. B 
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MJ .E 5 - Preliminary refinement results for CaFrS%YFj ’ 

Using extended interstitial ‘tree’, R = 6.52% 
Scale = 64.3(11), Mosaic Spread = 0.75(9) 10” rad-r 

’ . : ‘: . . 

Atom x/a v/b z/c B&(& 21 . 
tte F2rx 

Ca 0.0 : 0.0 ; .o.o ,- 0.682(34) ‘. ’ .’ :. 

F 0.25 0.25 0.25 0.828(43) 0.464 0.93 
F’ 0.5 0.370(9) 0.370(9) 0.60(6) 0.0058. 0.070 

F” 0.403(N) 0.403(11) 0.403(lI) 0.60’ 0.0057, ] $048 
F”b 0.266(3) 0.266(3) 0.266(3) 0.60’ 0.0340 i 0.272 
F”C 0.258(5) 0.258(5) 0.258(5) 0.60’ 0.0910 0.728 

The use of high Q single crystal diffraction data in this way to obtain fairly 
parameters for slightly disordered ions is a good example of, structural 

recise-positional 
re fp nement on SXD. 

Coupled with the simultaneous measurement of the coherent diffuse scattering pattern, it shows 
the great power and versatility of the instrument in such studies of total elastic.scattering. 
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ABSTRACT 
The powder diffraction instruments at ISIS are described and examples given of the science 
performed. 

I. INTRODUCTION 

The field of powder diffraction at ISIS is well served by the availability of two powerful, 
complementary, high performance. instruments. Both the High Resolution. Powder 
Diffractometer HRPD and the Medium Resolution Powder Diffractometer POLARIS, are used 
in the performance of vigorous scientific programmes, some examples of which are given below. 

II. HRPD - HIGH RESOLUTION POWDER DIFFRACTOMETER 

The ISIS high resolution powder diffractometer HRPD (Figure 1) is the highest resolution 
neutron powder diffractometer in the world. Sitting at the end of a beam line almost 1OOm in 
length, and detecting in backscattering geometry, a resolution of Ad/d - 5 x low4 is achieved. 
Moreover, this resolution is essentially constDant over the wide d-spacing range available 
(currently down to d-spacings of less than 0.3A) making a much larger number of reflections 
available - and at higher resolution - than is possible on any other neutron powder instruments. 

HRPD has dramatically extended the range .of problems that can be ‘tackled by powder 
diffraction. For example : 

l Rietveld profile refinement of more complex structures are possible; 

l Hydrogenous samples - often a problem for neutrons because of the high incoherent 
background - can be tackled; 

l Crystal structures can be solved from powders ab i&o; 

l Structure refinements can be performed of a quality which previously required single crystals; 

l The high resolution allows sophisticated peak shape analyses enabling the study of, for 
example, texture and strain. 

II.1 Molecular structure of benzene 

A fine example of the power of HRPD is given by recent work on benzene, C6I+ (David, 1989a). 
Benzene adopts an orthorhombic structure+,space groupoPbca (2 = 2), with a moderately-sized 
unit cell (a=7.3550, b =9.3709, c=6.6992A, V=461.7A3) (Figure 2). Although the original 
structure determination in 1928 located only the carbon atoms, the observed molecular 
planarity resolved a debate about whether the molecule was puckered, as favoured by a number 
of eminent scientists including Bragg, or flat. 

Successive X-ray single crystal investigations improved the precision and accuracy of structure 
determination. The use of neutrons as a structural probe confirmed the planarity not only of the 
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Figure 1 - Plan view of HRPD. The 2m sample position is some 96m frsm the moderator. 

Figure 2 - The crystal 
structure of benzene. 
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carbon but also the hydrogen atoms. Arecent single crystal neutron diffraction investigation on 
deuterated benzene, C6D6 (Jeffrey, Ruble, McMullan and Pople, 1987), sought to investigate 
any deviations from planarity. In addition to contributing to continued investigations of the 
nature of the chemical bond, these experimental results have been compared with the latest 
theoretical calculations to assess the current. status both of experimental technique and 
theoretical calculation. One further justification was given by Jeffrey for performing another 
single crystal neutron diffraction experiment: benzene “should be repeatedly investigated by 
each scientific method whenever there is a. significant advance with respect to the detail or 
accuracy that the method can offer”. It is therefore fitting that a detailed structural investigation 
of benzene be performed on HRPD to investigate (i) how well do the best powder diffraction 
experiments compare with equivalsnt single crystal studies for moderately complex structures 
with unit cells of the order of 5oOA3 and (ii) can reliable anisotropic temperature factors be 
obtained from time-of-flight powder diffraction experiments? The existence of both high 
precision single crystal data and detailed theoretical calculations provides a very rigorous test for 
the benzene data collected on HRPD. 

Data were collected over a 

. 

corrected for incident flux using a vanadium calibration), and-cryostat and sam Q 
eriod of approximately nine hours (174 FA-hr). The raw data were 

x 
le attenuation. 

The last correction was derived from consideration of the transmitted neutron ux and showed 
significant structure from multiple-scattering self-attenuation effects. Rietveld refinement was 
performed using the powder diffraction package developed at RAL and based upon0 the 
Cambridge Crystallography Subroutine Library. For data in the range 0.606-1.778A an 
excellent least-squares fit to the powder diffraction data was obtained (Figure 3). The refined 
structural parameters included 18 atomic coordinates and 36 anisotropic temperature factors. 
With the exception of the B22 temperature factors for three carbon atoms, there is a remarkably 

B 
ood agreement between the positional and thermal parameters obtained from HRPD and 
rom the single crystal data. More importantly, the anisotropic temperature factors for the 

deuterium atoms calculated using harmonic lattice dynamical calculations are significantly 
different from those obtained b 
lists bond lengths, uncorrected P 

both powder and single crystal diffraction techniques. Table 1 
or libration, obtained in the present study and from the work of 

Jeffrey et al (1987). The agreement is good, with few statistically significant differences, these 
probably resulting from systematic errors in the powder diffraction data. 

1.30 1.40 1.50 1.60 1.70 
0 - spacing A 

D - spacing 

Figure 3 -The final profile fit of the HRPD low temperature benzene data, from which accurate 
anisotropic temperatures were obtained. The quality of fit is apparent. 
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TABLE 1 - Benzene : bond lengths in A (uncorr.ected.for libration) 
-. 

., 

HRPD data (5K) Single crystal 

Cl-C2 = 1.3940(20) Cl-D1 = 1.0825(30) Cl-C2 = 1.3969(7) Cl-61 = 

C2-C3 = 1.4047(30) C2;D2 ‘, 1.0815(30) C2-C3 = 1.3970(8) C2-D2 = 

Cl-C3 = 1.3948(~0) C3-D3 = l.O836(25j Cl-C3 = 1.3976(7) C3-D3 = 

data (15K) 

1.0879(g) 

1.0869(9) 

1.0843(8) 

mean = 1;3978(15) mean = 1.082$(20) mean = 1.3972(5) mean = 1.0864(7) 

At the present sta 
data are not signi !I 

e of analysis it is clear that the end results obtained from refinement of HRPD 
‘cantly inferior to the best single crystal data. Both experimental techniques 

agree closely with each other, and differ from the theoretical calculations, particularly in the 
values obtained-for the anisotropic temperature factors for the deuterium atoms. The powder 
diffraction experiment .thus strongly supports the single crystal study and indicates that further ,! 
improved theoretical calculations are required. The quality of these powder diffraction results 
represents present state of the art at ISIS. Further improvements in the normalisation 
procedure are currently under development and should lead to a 
moderately corn 

recision and accuracy in 

results. This in rf 
lex structure determination that is at least as goo B as the best single crystal 

eed represents a very significant advance in the power of powder dtffraction. 

II.2 Phase transition in Neopentylglycol 

Neopentylglycol (NPG) is one of a series of substituted methane compounds of the type 
C(CH&n(CH20H) (n = 0 to 4). NPG, corresponding to n = 2, exhibits a rigid to 
plastically-crystalline phase transition at 314.5 K common to all the series, but exhibits an 
additional low tern erature phase transition at 60.4 K. The approximate molecular 
conformation was o YJ 
refinement of atomic 

tained (Suga, Matsuo and David, 1990) by a distance-least-s 
9 

uares 

bond length and bon B 
ositions using a novel combination of chemical constraints. A tota of 41 
angle constraints define the molecule which when combined ,vvith limited 

single crystal X-ray data collected at room temperature can provide a good starting model for 
the solution attempt. From such a starting model the structures of the two low temperature 
phases were obtained using traditional constrained full profile refinement techniques. Both 
structures were found to be monoclinic, space grou 
and c lattice P 

P2r/n, with only a, 0.2% change in the a, b 

very subtle c K 
‘arameters and a 2% change in monoc inic.angle, showing the transition to involve 
anges in hydrogen bonding. Such detailed knowledge is vital in understandin the 

inter- and intra-molecular forces which operate to produce the very large enthalpy o B this 
transition, which gives the material potential technical applications as an- energy storage 
material. 

II.3 Peak Shape Effects - ferroelastic phase transition in LaNb04 

Many of the diffraction patterns collected on HRPD show peak broadening effects that are 
dominated not by the instrument but b 
need for a flexible description both oft h 

crystal imperfections within the sample. There is thus a 
epeak shape function and peak width parameterisation. 

The final peak shape may be regarded as a multiple convolution of an instrumental resolution 
function and all the different sample dependent effects such as size, strain and stacking faults. 
Accordingly a peak shape algorithm based upon the convolution of individual components by 
fast Fourier transform techniques has been developed. This has the great advantage that, 
although the final peak shape function is corn lex, 
Fourier transform of the product of the 

it may be obtained simply as the (inverse) 
simp e Fourier transforms of individual peak shape P 

components. This has permitted the inclusion in the overall peak shape description of not only 
Gaussian and Lorentzian components but also truncated quadratic functions. A further 
important advance in the Rietveld analysis of HRPD data has been the development of a 
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program that permits the refinement of crystal structure parameters along with the Lorentzian 
and Gaussian components of each individual peak in the diffraction pattern. This results in a 
large number of parameters but has the advantage that one obtains peak widths that are 
unbiased by the imposition of an W-dependent peak broadenin 

% 
model. 

of this technique is illustrated in the study of the material LaN 04. 
An example of the use 

Rietveld refinement of data collected from LaNbO4 on HRPD at a number of different 
temperatures (David, 1989b) indicated that the anisotropic broadening resulted from strain 
rather than size effects (Figure 4). This anomalous behaviour is restricted to the ab plane: no 
extra broadening is associated with the c axis, with the refined values clearly indicating strain 
anisotropy within the ab plane. 

Figure 4 - The differences 
between diffraction patterns 
recorded at room temperature 
and T, are extremely marked. 
Note the large anisotropy in 
peak widths at T,, with (hk0) 
peaks being broad whereas 
predominantly c* reflections 
remain unaffected by the 
transition. 

D-scwno i 

220 
T * 25-C 

The anisotropic broadening of the Bragg peaks (microstrain) in LaNb04 may, as with the 
monoclinic lattice distortion (macrostrain), be described in terms of a second rank tensor. The 
principal axes of the ellipsoid representing the microstrain broadening is rotated by21 ’ from a*. 
This agrees to within experimental error (- 2”) with the orientation of the princi al axes of the 
spontaneous macrostram hyperbola for all data sets collected between (T, - 50’7 and T,. The 
coincidence of the orientation of microstrain (obtained from line broadening. considerations) 
and macrostrain (calculated from peak splittings associated with monoclinic symmetry) was 
unexpected and is at present unexplained. It indicates, perhaps unsurprisingly, that unit cell and 
unit cell contents play a coherent role with respect to the phase transition. The importance of 
strain in the driving mechanism is associated with the fact that LaNb04 is a proper ferroelastic 
material - there is a soft acoustic mode but no observed soft optic mode. Further analysis of this 
phase transition using the structural information is currently underway. 

The unexpected discovery of unusual strain broadening in LaNb04 and its implications for the 
phase transition mechanism highlights the advantages of high resolution. Although structure 
refinement involving the traditional Rietveld method is still the mainstay of neutron powder 
diffraction, there are a growing number of problems in materials science where high resolution 
has proved invaluable. The diversity of science tackled on HRPD confirms the success and 
assures the future of high resolution neutron powder diffraction. 

III. POLARIS - MEDIUM RESOLUTION POWDER DIFFRACTOMETER 

The medium resolution powder diffractometer POLARIS (Figure 5) is an instrument that is in 
many ways complementary to HRPD. Being situated considerably closer to the ISIS target, it 
sacrifices some resolution in favour of high count rates. POLARIS thus has the ability to study 
smaller or more weakly scattering samples. The loss of resolution is important, of course, 
especially when a material with a large, low symmetry unit cell, and hence many Bragg peaks in 
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Figure 5 - Layout of POLARIS. The sample position is some 12m from the moderator. 

the pattern, is being studied. To some extent, however, this problem is offset by the availability at 
ISIS of extremely powerful and flexible profile refin$nent packages. 

In addition to having the capability to erform measurements on small samples over normal 
times, POLARIS also gives the possibi P ity of taking data over very short times on samples of 
standard size. It is thus an appropriate instrument on which to look m real time at phase changes 
and solid state chemical reactions. Furthermore, the existence of a large detector bank at 90” 
allows high quality measurements on samples in pressure cells or other sample environment. 

III.1 Measurements of Residual Stress 

A knowledge of the residual stress distributions in engineering components is important for 
predicting their load car 

Yi 
‘ng capabilities, failure characteristics and probable lifetimes. A test 

experiment has been per ormed on POLARIS to study the residual stress distribution within an 
autofrettaged steel ring (Webster and Webster, 1990). The sample was scanned through the 
beam, using a rig capable of remotely controlled x, y and z translations, together with an o 
rotation about the vertical axis. A time-of-flight diffraction instrument, such as POLARIS, has 
the advantage of measuring the whole diffraction pattern from the individual ‘pixels’, which 
allows the lattice parameter a, to be obtained by least squares refinement over many reflections. 
The results are compared in Figure%‘6 with the values obtained using a fixed wavelength 
diffractometer at the ILL, where a, is determined from measurements of the (211) reflection 
alone. By measuring a large number of diffraction peaks in the same scattering direction 
POLARIS can provide additional information on the elastic anisotropy within the illuminated 
sample volume. 
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Figure 6 - A comparison 
between the residual strain 
measurements of an auto- 
frettaged ring on POLARIS (0) 
and DlA (0). Reasonable 
agreement is achieved except 
near the edges, probably a 
consequence of sample volume. 

0 4 6 12 16 20 24 26 32 
fbddlol P0sr1dm1 

III.2 High pressure diffraction studies 

Structural studies of powder samples under hydrostatic pressure are made difficult by the need 
to surround the sample by pressure transmitting components of the pressure cell. The fixed 
scattering geometry of a time-of-flight diffraction instrument allows collimation of the incident 
and scattered beams which eliminate spurious Bragg reflections from these components. One of 
the first successful experiments on samples under hydrostatic pressure on POLARIS, using the 
‘McWhan’ clamped cell constructed at ISIS, is illustrated elsewhere (Hull, David, Ibberson and 
Wilson, this volume). 

Figure 7 - Equation of state of 
LiD measured on POLARIS 
using the McWhan (0) and Paris 
(m) pressure cells. The dashed 
line represents previous 
measurements. It can be seen 
that the POLARIS 
measurements differ appreciably 
from these, but agree very well 
with recent calculations (solid 
line). 

The collaborative project with the Universities of Paris and Edinburgh to develop a clamped cell 
for very high pressure neutron studies has also made significant progress, and is also detailed 
(Hull, Dawd, Ibberson and Wilson, this volume). The equation of state of the quantum solid 
LiD has been measured to 70 kbar (Figure 7; Besson et al, 1991), the first time a sample volume 
of 100 mm3 has been studied above -40 kbar. Future modifications, including the replacement 
of tungsten carbide anvils by sintered diamond, are now confidently expected to allow structural 
refinements to be performed in the pressure range above 100 kbar previously unexplored by 
neutrons. 
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III.3 Powder diffraction studies of the mechanism of battery discharge 

Manganese dioxide, Mn02, is widely used as the cathode material in alkaline batteries. Despite 
considerable research effort over the 
of a cell during discharge are still not R 

ast 20 years, the processes which occur within the cathode 
lly understood. In particular, it is unclear how the MnO;! 

lattice accommodates protons during operation and how. the structural lxhaviour is related to 
the ultimate failure of the cell. POLARIS has been used toobtain powder diffraction spectra of 
samples of Mn02, taken from batteries at various stages of discharge (Figure 8; Clark, David 
and Hull, 1989). ‘. 

Figure 8 - Powder diffraction 
spectra taken from batteries at 
various stages of discharge. 
Indicated is the position of an 
additional Bragg eak, 
attributed to the ormation of F 
an ordered Mn-O-H phase. 
The appearance of this phase 
coincides closely with the point 
of battery failure. 

2.0 2.2 2.4 2.8 
0 - spacing i 

Structural investigations of Mn02 are made difficult by the poorly crystalline nature of the 
samples and the many, essentially’similar, allotropic forms adopted by Mn02, which comprise 
different arrangements of Mn06 octahedra. Simulations of the powder diffraction spectra have 
been performed, using the known structures of the most common crystalline forms, pyrolusite 
(single chains of edge-sharing Mn06 octahedra) and ramsdellite (alternating double chains of 
linked MI@ octahedra). These are found to differ significantly from the diffraction pattern 
measured from the MnO2 in its undischarged state. It is possible, therefore, to discount these 
structures, plus that of y-Mn02, which comprises an irre ular 
ramsdellite layers. Surprisingly, adequate agreement is ac ! 

intergrowth of pyrolusite and 
ieved by adopting the little known 

E-MnO;! structure, with hexagonal close packed 02- ions and half the octahedral sites occupied 
by Mn4+. 

It is clear from Figure 8 that significant structural changes occur during battery discharge! 
including the expansion of the lattice associated with the intercalation of protons. These results 
give the first direct experimental evidence of proton insertion into Mn02. Preliminary analysis 
suggests that the protons are accommodated randomly within the remaining empty octahedra in 
the e-Mn02 lattice. There is also evidence of additional broad diffraction peaks which ap 
after about 36 hours discharge. This coincides closely with the point of battery failure. T R 

ear 
ese 

extra Bragg peaks are attributable to the formation of ordered Mn-O-H phases which 
essentially hinder proton diffusion through the MnO;! lattice. 
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1. INTRODUCTION 

The attractive features of polarised 3He as a broad-band polarising filter for thermal. and 

epithermal neutrons has been recognised for over two decades (1). The cross-section for 

neutron capture uC is large (5327b atom-l at 25.3 meV, decreasing inversely with neutron 

velocity), and the ratio of the cross-section for antiparallel spin capture to the total 

cross-section has been experimentally determined to be 1 .OlO + 0.032 (2). In common with 

all other resonance absorption polarising filters (3), the properties of polarised 3He are 

dominated by the capture cross-section, and any non-resonant capture and scattering can be 

ignored. 

The most obvious method for polarising solid 3He is to cool the nuclear moments in a large 

applied magnetic field (‘Brute Force’ polarisation). In principle a 3He nuclear polarisation Pt+s 

N 55% is achievable at 1 OmK in a 1 OT field, however the neutron beam heating due to capture 

makes this method non-viable in high flux beams (4). The recent resurgence of interest in using 

polarised 3He as a neutron polariser follows the discovery of an optical pumping method which 

can provide high nuclear polarisations (PRe_s 
I 

N 70%) in high pressure gaseous samples (5). 

This new technique utilises the spin transfer from optically pumped Rb vapour, and is 

undergoing extensive development in the USA and France. The interest for the neutron 

scattering community is twofold: a cell containing highly polarised 3He can be used as an 

efficient broad-band polarising filter at neutron energies up to 1eV and beyond, and there is 

also the possibility of combining the polarisation and detection properties of 3He to provide a 

spin analyser-detector as a single instrument component. 

The main objective of this paper is to examine the polarised 3He cell parameters, ie polarisation 

and gas pressure, required for the neutron polariser and spin analyser-detector applications. 

Optimised values for the design parameters are derived and used to calculate the neutron 

energy dependences of various efficiency parameters which define the effectiveness of the 

polariser and spin analyser-detector. 

1122 



a. DYNAMIC POLARISATION IN Rb/3He MIXTURES.- .: ,. I i 

High pressure polarised 3He gas is most readily achieved in gas mixtures containing an alkali 

metal vapour where the 3He nuclei are poiarised by spin exchange with the laser-pumped alkali 

metal vapour. The alkali metal, normally Rb, contains a fully polarised valence electron spin., 

and the spin exchange is a consequence of the hyperfine interaction between this electron spin 

and the 3He nuclear spin during binary collisions. In the experimental set-up of Coulter et a (5), 

3He gas at pressures up to several atmospheres was contained in a glass cell together with a Rb 

droplet and N 1 OOTorr of nitrogen as a buffer gas to assist the optical pumping process. The cell 

was heated to approximately 200°C and the Rb component of the gas first polarised by 

illumination with Df resonance light (795nm). The 3He-Rb spin exchange probabilities were 

sufficiently large to produce 3He polarising times of a few hours, with 3He polarisation 

relaxation times of about 40 hours. 3He polarisations greater than 70%. were achieved in a 

volume of 6cm3 at a density of 3 x lo20 at cm-3 (10 atm at STP). 

3. NEUTRON POLARISER PARAMETERS 

In this section we define the parameters of a polarised 3Hecell which determine its effectiveness 

as both a neutron polarising filter and as a spin analyser-detector. The underlying principle by 

which they operate is the large difference in the neutron capture cross-sections for neutron 

spins parallel (a+) and antiparallel (o_) to the nuclear polarisation, which, for the pure (I-115) 

resonance absorption in 3He is given by 

a+ = ‘SC (1 7 PHe-3) (3.1) 

where u, is the unpolarised beam capture cross-section, and PHe_3 is the 3He nuclear 

polarisation. The transmittances T, of (+ ) spin neutrons aregiven by exp-(o, Nt), where Nt is 

the “He atomic thickness (at-cm-2), and these have a significant neutron energy dependence 

consequential to the energy dependence of the capture cross-section ‘5,. 

3.1 Neutron Polarisers 

The three. relevant polarising filter parameters are the polarising efficiency: 

p = (l, - T_)/(T+ + T_) = tanh (oc PHe-sNt)l (3.2). 
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the unpolarised beam transmittance, 

T = (T, + T-)/2 = exp (-u,Nt) cash (aCP&_gNt) 

and the poiariser quality factor 

Q=pT% 

(3.3) 

(3.4) 

3.2 Spin Analyser-Detectors 

The corresponding quantities which determine the effectiveness of spin analyser-detectors are 

the spin analyser efficiency: 

PA = (I-0 - T+)/[Z-(-I-+ + ‘L)] 

= sinh (o,PHe_3Nt)/[cosh(o,PHe-3Nt)-exp(ocNt)), 

the detector efficiency for unpolarised neutrons, 

^rl=l-T 

(3.5) 

(3.6) 

and the spin analyser-detector quality factor, 

QA = PA+ (3.7) 

In contrast to the polariser, the analyser efficiency decreases with increasing atomic thickness 

Nt and afurther useful spin analyser parameter is its maximum efficiency PA(M~x) which is given 

by the o,Nt -_) 0 approximation of eqn (3.5): 

PA(M=~ = (0, - 0_)/((7+ + o_) = -Pf+3_3 (3.8) 

3.3 Commmon Relationships 

For polarised 3He neutron polarisers P T and IJ are always positive whereas PA is negative, and 

these are interrelated as follows: 
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PT = - PAq (3.9) 

In discussing spin aha’lyser efficiencies and quality factors we shaff generaffy simpfy use their 

modufi 1 PAI and IQA}. 

These efficiencies are related to the quality factors as follows: 

IQ&I = IP/PAls = (q/-f-)% (3.10) 

4. PERFORMANCE OF 3He NEUTRON POLARISERS AND SPtN ANAWSERS 

The most useful starting point for discussing the properties of filter pofarisers and spin 

anafysers is to use the defining equations given in section 3 to cafcufate universaf ‘constant 

polarisation’ curves (6). For 3He neutron polarisers, once P is fixed, o,Nt and PHe_s are related 

through eqn (3.2), and the compfete series of pofariser and analyser parameters are calculable 

as a function of PHe_3 (or a,Nt). in this section we present two sets of pofariser and analyser 

parameter curves for 3He neutron pofarisers with widely different polarising efficiencies. We 

then proceed to use the results of these calculations to evafuate the neutron energy 

dependences of the eff icfency parameters for 3He pofarisers and spin anafysers with optimised 

values for the 3He atomic thickness Nt and nuclear pofarisation P&+3. 

4.1 Universal Curves 

Figure 1 shows the polariser transmittance T, spin analyser pofarising efficiency 1 PAI, and 

anafyser detection efficiency -r~ for a 3He filter with constant pofarising efficiency P = 0.95 (or 

equivalently c@&,_sNt = 1.832), as a function of the helium polarisation f&+3 and absorption 

parameter o,Nt. These are suitable design parameters for a 3He filter used as a pofariser in 

neutron scattering experiments where the need for a high polarising efficiency is extremely 

important. The polariser transmittance rises sharply as f&3 increases, and combining this 

with the requirement that any effective pofarising filter should ideally have T> 0.3, we conclude 

that for the polariser application we need an optically polarised 3He cell with nuclear 

polarisation P&3 y 0.80 and absorption parameter o,Nt 1: 2.3. Neutron scattering 

applications require the filter to operate at neutron energies - 1 eV (and beyond), where a, - 

830b atom-‘, and this determines theaHe atomic thickness to be Nt - 2.76~10~’ atom cm-*. 

This atomic thickness can. for example, be achieved with a 10 atm (at 300K) 3He cell which has 

a length t N 11.3cm. The specification compares reasonably favourabfy with the currently 

achievable PH~_~ N 0.70 in a 10 atm cefl of length 5cm. 
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The spin analyser efficiency 1 PAJ, in contrast to P rises sharply with decreasing absorption 

parameter o,Nt, and the values in Fig 1 fall significantly short of the diagonal line representing 

1 PA(Max) 1 = PHe+ We conclude that the behaviour of afilter with absorption parameters cr,Nt 

in the Z- 10 range departs significantly from the low o,Nt limit represented by eqn (3.8)) and that 

this filter is too absorbent for the spin analyser application, unless3He polarisations in excess of 

95% can be achieved. 

To produce an effective spin analyser we therefore require a lower atomic thickness Nt, but must 

retain a usefully large absorption parameter to give an acceptable detector efficiency. Figure 2 

shows the filter parameters T, I PAI, and I-) where o,Nt has been reduced to one tenth of the 

values of Figure I ; these curves correspond to constant polarisation curves where P = 0.181, 

or ucPHe_3Nt = 0.183. It is immediately evident that I PA I now approaches I PA(M~x) I , and is in 

fact within 90% of 1 PA(M~x) 1 for all PHe_3values greaterthan - 0.5. It is also clear that there is a 

significant increase in I PAI towards larger PHe_3 values, and we conclude that for the spin 

analyser-detector application it is important to achieve 3He.polarisations approaching unity. 

The data of Figure 1 and 2 have also been used to calculate universal curves for the polariser 

quality factor Q and spin analyser quality factor I QA I ; these are shown in Figure 3. The plots 

confirm a) that the polariser application requires the more absorbent filter (ucPHe_aNt = 1.832) 

and b) that for 3He polarisations up to - 75%, the lower density filter tias the more effective 

performance as a spin analyser. It is also .apparent that the spin analyser quality factors I QA I 

will in general always be lower than the best polariser quality factors Q obtained with a highly 

absorbing filter. 

4.2 Neutron Energy Dependences 

Universal curves provide a powerful method for assessing the properties of neutron.polarising 

filters and polarisation analysers. In practice, however, an operationat filter always has a fixed 

PHe_3. (ie the maximum value attainable) and a fixed atomic thickness Nt chosen by the filter 

designer to optimise the performance over the neutron energy range (or equivalently the uC 

range) corresponding to the demands of the neutron experiments. For condensed matter 

physics scattering experiments we can regard the useful neutron energy band to be O-l eV. 

The neutron experimentalist requires good filter characteristics over as large a part of this 

energy range as possible, and it is essential to know how the filter parameters vary over this 

energy band. 

We now present calculated values of the neutron energy dependences of P T, ) PA 1 and r) for 

two gaseous polarised 3Hefilters. The filter parameters were chosen on the basis of the results 
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described in Section 4.4 ;, the first is suitable as a filter polar&et and the second as- a spin 

analyser:detector. For the polariser we have selected- a filter with PH,_~ = 0.80, -“He atomic 

density N =2.45x1 020 atom cm-3 (this corresponds to IO atmospheres of-gas pressure at 

3OOK), and a thickness t = 5cm; this is designated Filter A. For the spin analyser-detector we 

have retained the sHe polarisation value PHe_3 = 0.80, but have reduced the atomic..d.ensityto 

N =0.49x1020 atom cm-3 (ie - 2 atmos. gas pressure at 300K) and the cell thickness to 

t=2.5cm; this is designated Filter B. 
: ,.._ : _.: ’ 

..,. :.,:_‘. I j’ I, . 
I. .i. .: .:,,_.. _,; .,, 

The neutron energy dependences of the polarising efficiency P transmittance T, and’polariser 

quality factor Q for Filter A are shown in Figure 4: The overall performance’isvery satisfactory 

,over.the.entire 1 O-l 006meV range; note that the-,polar$ing efficiency at energies less that 100 : :.. 

meV is essentially.1 OO%,,, and that the lowest polarising:efficiency is P =d.67 at 1 eV: _ 
f ) ,,” .’ -- _, : ., I. ,_ : I ‘i 

.I 

The neutron energy dependences of then spin analyser efficiency 1 PA 1; detector -efficiency q, 

and analyser quality factor 1 QA 1 for filter B’are shown in’figure 5. “The overall p&or&&e of 

this filter ,as a spi,ntanalyser is very good over the whole energy range, however it should be 
s f. i ‘ 

noted that 1 PA I (Filter B) < P(Filter A) and I QA I (Filter B) < Q (Filter A) over most of th.is range. 

Thus, in general, a filter of this type will have a better performance as a polariser than as a spin 

.analyser. ,I 

5 CONCLUSIONS 

Generalised curves have been presented to illustrate the performances of gaseous polarised 

3He cells when they are used as neutron polarisers and spin analyser-detectors. The efficiency 

parameters of the devices are strongly dependent on the sHe polarisation and atomic thickness 

in both applications. The main conclusions are that for neutron scattering experiments in the 

0.01-l eV energy range: 

a) it is important to improve the currently achievable 3He polarisation from PHe_3 = 0.70to PH~_~ 

= 0.80 (or greater), 

b) it is necessary to increase the effective area of the cell to accommodate - 6 cm2 beams in 

the case of the polariser and -1 0cm2 scattered beams for the spin analyser, and 

c) there is no compelling reason to develop the optical pumping technique to accommodate 

gas pressures in excess of 10 atmospheres; the recommended optimum gas pressures are 

-10 atmos in a cell length - 5cm for the polariser, and - 2 atmos in a cell length - 2.5 cm 
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for the spin analyser. The shorter cell thickness of the spin analyser is necessary to preserve 

resolution in neutron time-of-flight experiments, e.g. when it is used as a detector in a 

pulsed neutron source spectrometer. 
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FIGURE CAPTIONS 

Fiiure 1 

Universal curves showing the polariser and spin analyser parameters for a polarised 3He filter 

with P -0.95 or u C P ~+sNt= 1.832, as a function of 3He polarjsation and the absorption 

-parameter u,Nt. 

Figure 2 

Universal curves showing the polariser and spin analyser parameters for a polarised %e filter 

with P = 0.181 or uCPHe_sNt = 0.193, as a function of 3He polarisation and the absorption 

parameter u,Nt. 

Figure 3 

Universal curves for the quality factors Q and 1 QA 1 of the polarised 3He filters described in Figs 

1 and 2 as a function of 3He polarisation. 

Figure 4 

Neutron energy dependences of the polariser parameters P, T, and Q for a polarised 3He filter 

with 80% “He polarisation and atomic thickness Nt = 1.225~10~~ at.cm-*. 

Figure 5 

Neutron energy dependences of the spin analyser-detector parameters 1 PA 1, T, and 1 QA 1 for 

a polarised 3He filter with 80% 3He polarisation and atomic thickness Nt = 1.225 x lo*0 

at.cm-*. 
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ABSTRACT 
The Small-Angle Neutron Scattering instrument (SANS-1) which has been 

designed for the fields of molecular biology and polymer research has 
been put into operation in the new experimental hall for neutron 
scattering at the research reactor FRG-1 equipped with a Cold Neutron 
Source and a beryllium reflector at the GKSS Research Center. SANS-1 has 
been equipped with a polarized target station for the measurement of 
polarized neutron scatterings, which is mainly dedicated to the use of 
nuclear spin contrast variation method. The nuclear spins of protons and 
deuterons in most polymers and biological macromolecules can be almost 
aligned by dynamic nuclear polarization (DNP) with respect to an external 
magnetic field of 2.5 tesla at temperatures below 1 K in the presence of 
paramagnetic centers via 4 mm microwave irradiation, where one of them 
can be depolarized selectively by irradiation of their proper nuclear 
resonance frequency. First experiments using SANS-1 have been carried 
out with apoferritin and deuterated large subunit of E.coli ribosomes. 

I. INTRODUCTION 

During the last three years, a Cold Neutron Source using GH2 with 1.5 kW 
cooling power has been installed in the research reactor FRG-1 (5MW light 
water swimming-pool reactor). At the same time, new experimental facilities 
for neutron scattering have been constructed in the enlarged new 
experimental hall. This hall has five cold neutron guides and eleven 
spectrometers one third of which utilize polarized neutrons. One of- the 
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small-angle scattering spectrometer, SANS-1, has been equipped with a 
polarized target station. 

The first measurements of the scattering of polarized proton spin clusters of 
various proteins in deuterated medium confirmed the predicted concept of 
the nuclear spin contrast variation method in macromolecular structure 
research (Knop et al., 1986,1989). First experiments using SANS-1 has shown 
the feasibility of this method owing to the increase of the gain in neutron 
scattering by a factor of 103 compared to earlier experiments. A more 
detailed report of this study will be published (Knop et al.). 

II. METHOD 

II-1 Concept of spin contrast variation 
Spin contrast variation is a most convenient method for in site structure 

determination. This meth.od is a kind of isotopic label method using the 
dependency of scattering amplitude on the nuclear spin polarization. At first 
we will summarize its concept (Stuhrmann et al., 1986, Boulin et al., 1988). 

The interest in polarized targets is due to the spin-dependent neutron 
scattering showed by Abragam et al. (1982). The Fermi scattering amplitude 
operator for a free nucleus is given by 

a = b + 2BI*s . . . . . . . (1) 

where s and I are the spin operators of the neutron and the nucleus, 
respectively. The constants b and B are expressed as a function of the two 
eigenvalues b+ and b_ which correspond to the two different coupling 
channels 1+1/2 and I-1/2. 

b = [(I+l)b+ + Ib-I / (21 + l), B = (b+ - b_) / (21 + 1) . . . . . . . (2) 

When we assume that neutrons impinge on a collection of scattering centers 
at position ri and that the nuclear spins have a polarization P with no 
correlation and that neutrons have a polarization Pn parallel to that of the 
nuclei, neutron differential cross section of this cluster is given by the 
following expression (Abragam and Goldmann, 1982): 

do/d!J = C <]a11 2> + E<aiaj*exp[-iQ*(rl-rj)]> 
i i#j 

= I; [<Iail 2> - <aiaj>i # j] + <aiaj*>i +j C exp[-iQ*(ri-rj)] 
i ij 

= (do/dQ)inc. + @ddQ)coh. 

whence 

(do/dQ)inc. = X Bi’[Ii(Il + 1) - P,PiIi - Pi’Ii’] 
i 

. . . . . . . . (3) 
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where < > means the average’ of scattering intensity in momeritum space. 
According to Eq. (7) it is clear that each of the basic scattering functions, 

h(Q), IdQ) and h(Q), can be obtained easily by a series of measur’enients -of 
I(Q) at different P and Pn, that is, I”(Q) from P =. 0; I”,,(Q)’ from the difference 
between PnP = 1 and -1, Iv(Q) from the sum of, P,P = 1 and 4. 

In the case of small-‘angle scatteri’ngs from the dissolved molecules in the. 
solvent with a mean scattering amplitude density _solvenli3,, +solvenlpv , the 
use of the definition of the scattering density is more convenient. So we can 
get the refqrmulation of Eq. (7) for Pn=l at zero angle as follows. 

I(0) =v 2[P2 + 2(ji”ii”) + pv21 = v Vii” + p,P 

= v 2(ij” + Pii’,) f V 262 . . . . . . . . (8) 

(do/dR),,h. T lU(Q)J2 + 2PnRe[U(Q)V(Q)J + IV(Q)12 . . . . . . . . (4) 

where c > means- the spin variable average in the target,’ Q is the inotientum 
transfer, U(Q) and .V(Q’) are’ the coherent scattering amplitudes :obtained ‘by 
the Fouriei trtinsforms of the invaiiant pait u(r)’ and the polarization;. 
dependent part v(r), respectiv<iy. ‘These terms are defined as 

U(Q) = P biexp(-iQ*ri) = F (f; bi8(r - ri)) = F (u(r)) . . . . . . . . (5) 

V(Q) = CBiIiPiexp(-iQ*ri) = L (CBiIiPiG(r - ri)l = F {v(r)) 

r : 

. . . . . . . . (6) 
i i .’ 

Under ‘the conditions that the cluster with., no preferred orientation. has only. 
one nuclear species with non zerd ‘spin; the coherent scbttering intensity: per 
cluster can be obtained as follows. ’ ‘_ 

I(Q) = 4UQ)I 2> + 2Pn<Re[U(Q)V(Q)J> + <IV(Q)12 > 
._ 

z h(Q) + hJ%dQ). + P2MQ) . . . . . . . . . (7) 

where V is the volume of the particle, ij u and j5v are the mean excess 

scattering densities with respect to the solvent per unit volume, which 
correspond to the invariant and polarization-dependent parts, respectiv.ely. 

Here ii, pu and ij..v’ are termed so-called contrast of the whole cIuster, isotope 

contrast and nuclear spin contrast, respectively. Those notations are defined 
in the same manner as is well-known isotope contrast ‘variation method. 

P” 5 C hi/V - solvcn$u, pv =_ NBIP/V - solventpv f PP’v . . . . . . :. (9) 

which have a nuclear spin-dependent N is the number .of atoms in the cluster 
scattering amplitude. 
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II-2 Dynamic polarization and selective depolarization 
In the presence of paramagnetic centers, as which we used sodium bis(2- 

ethyl-2-hydroxybutyrato)oxochromate(v) monohydrate (abbreviated EHBA- 
Cr(V): Krumpolc et al., 1985), the nuc!ear spins of protons and deuteron in 
macromoleculOes can be polarized by the use of dynamic polarization method 
(Abragam and Goldmann, 1982). The polarizations PH, PD and the spin 
temperatures TH, TD are related by Brillouin functions: 

PH = tanh(hVH / 2kTH) 

PD = &anh(hVD / 2kTD) / (3 + tanh2(hVD / 2kTD)) 

. . . . . . . (10) 

. . . . . . . (11) 

where VH and VD are -the Larmor frequencies of protons and deuterons, 
respectively. Assuming equal-spin-temperature, TH = TD, a unique 
temperature T can substitute for the different temperatures. After a high 
steady state of the nuclear spin polarizations is attained by microwave 
injection, one of the spins, protons or deuterons, is saturated by suppling RF 
of v H or VD, instead of microwave. In order to attain a high .steady state, the 
temperature must be reached as low as possible. For this purpose the 
concentration of Cr(V) complex must be also controlled to reduce dipole- 
dipole interaction in paramagnet.ic electrons and to have a appropriate 
dipole-dipole interaction between nucleus and paramagnetic electron, 
simultaneously. 

Following simulated results, Fig. l-5, base on equal-spin-temperature 
hypothesis of two, different spin systems, i.e., proton spin system and 
deuteron spin one at thermal contact. Fig. 1 and 2 show the deoendencies of 
deuteron polarization and of 

1.0 
i I I Fig. 2a 

1.0 

0.8 I 

O’Y H 

i 

0.6 
0.6 

o.o---- 
Fig. 2b 

u.0 0.2 0.4 0.6 0.8 1.0 

PROTON POLARIZATION 

1 Dcuteron polarization vs. proton polarization 

2a & 2b The dependency of cross section on 
proton polarization: ---- atotal, l --ocoh_, ___ 0 inc. 

PROTON WlARlZATlON 
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scattering. cross sections on proton polarization (at PN = 1). .In Fig. 3 we see 
how great .experimental. improvement for .signal‘ ,-to, noise ratio defined by 
(zero scattering int.)/(incoherent back ground scattering int.). In Fig. 4 and 5. 
( at PN = 1) so-called contrast is given by the difference between solvent and 
solute scattering densities. A contrast matching proton: pol.arization. is 
obtained from a. ,point of intersection of both. lines. For each .simulation 
corresponding to Fig.- 2-5, the concentration of solute is 2 wt% U,rease and. the 
deuteration ratios of solute, gly.cerol & .water are O%, 98.5% & 99.5%, 
respectively. The effect -of H-D exchange is also considered. I 

PROTON POI.~W~ATION 

Fig. 4 Zero angle scattering int: vs. 
proton polarization: - protein, --- 
DNA, ---- lipid -head, ---- lipid alkyl. 

. . 

III. EXPERIMENTAL 

111-l Materials 
Apoferritin was prepared from 

PROTON POLARIZATION 

Fig. 5 Signal to Noise iatio df solution 
- in D20, ---- in H20, l ***** in D20 
D-glycerol (1:l). 

. . 
+ 

horse spleen .ferritin by the. method 
described elsewhere (Jin and Crichton, 1987).. This sample solution which 
contained 1.7 wt% apoferritin, 53 wt% deuterated glycerol, -45 wt% D20; 0.72 
wt% EHBA (1.2 x lOlVcm3) and 2 wt% Hz0 was quenched rapidly in a copper 
block cooled- by liquid nitrogen and formed the frozen sample with the 
dimensions 17 x. 17 x 2 ,rnrn? 

The sample solution- of deuterated large subunit of E.coli ribosomes 
contained 0.55 wt% subunit and almost the same amounts of other 
components ,as the apoferritin sample had. After quenching treatment was 
also same. The deuteration ratio of, the subunit, 83%, was deduced from zero- 
angle scattering intensities. ‘At this deuteration ratio,, the -scattering 
amplitude density of the subunit ( at P=O ) is slightly- more than half of that 
of the solvent. For sample preparation the rapid quenching and the existence 
of glycerol in solution is so important that we can eliminate. the effect 011 

solute molecular structure caused by the -precipitation of water crystallites. 
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In the sample cell, two pieces of the frozen 
perpendicular to incident neutrons with the effective 
tim. 

samples were alined 
sample path length 4 

III-2 Polarized target 
The surroundings of the target and the inside view of the sample cell are 

sh,own .schematically in Fig. 6. This target station for polarized neutron 
scattering has been developed by CERN (Niinikoski et al., 1976, 1982). The 
sample is immersed in a liquid 4He bath so as to be transparent to incident 
neutrons and cooled by thermal couple to the mixing chamber of the 3He/4He 
dilution refrigerator. This refrigerator has 20 mM/s maximum circulation rate 

. 

PROTON ffOLARlZATlON Fig. 

Fig. 5 Scattering length density vs. proton polarization: 
- protein, - DNA, --i- lipid head, ---- lipid alkyl. 
Fig. 6 Schematic view of the target and its’ surroundings: 
mixing chamber M; heat exchanger B; sample S; quarz 
cell Q; inner vacuum chamber A; indium joints Jl,J2; 
liquid 4He path I; microwave guide G; heat shield E (SO$J. 

6 M BGISQ 

of 3He and 1 mW cooling power at the- sample position at T = 200 mK. The 
procedure. of the target cooling is ds follows. The sample holder fixing the 
sample with a framework made of Teflon and fine ceramics is inserted in the 
quartz cell which is connected to the top of the refrigerator. After one hour 
pre-cooling by the use of liquid N2, cooling with liquid 4He is started down to 
20 K and continued with 4He gas exchange in the inner vacuum chamber. It 
takes four hour to reach IK. Further cooling with more 3He circulation is still 
continued. to reash 100 mK. Under 2.5 tesla magnetic field, the rate of the 
proton spin polarization by 69.1 GHz microwave irradiation is high enough, 
for instance, 20 %/min at the beginning. The maximum polarization of proton 
with water/glycerol solvent is 95 %. 

The polarization of the target is monitored by the CW-NMR with a Q-meter 
circuit. Its absolute value is obtained by the calibration using the value of 
the proton spin polarization at lk and 2.5 tesla. The accuracy of this 
calibration, mainly depending on that of the temperature measurements, is 
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better than 1 %$ The depolarization ,of proton. or deuteron -is also done,.,by 
irradiating appropriate mbdulated RF, VH or VJJ, through the- .NMR: coil.. 

: 

scatt:ering s~ectk~~~ter (SAN$-I) III-:3 .Small-angle _. .,: 

Fig. 7 sh,ows the side view of SANS-3. Neutrons emerging from the. reactor 
FRG1 enter the., Hz-gas Cold Source with; a. flat, bottle shape at 25 ,K through 
light water moderator .and .are reflected to the curved- neutron guides .by th.e 
beryllium reflector, A,t the end: ,of the ,neutron, guide (NG-1) :I08 n/c,m*/s is 
registered. The peak wavelength of Maxwell’s distribution of &utrons is. 6. A. 
This neqtron beam is. mqnochromatized by the ,hklicai slot velocity sele.ctor 
with a band. .pass about 10 %. -We have used. the neutrons with’ the 
wavelength of ‘8.5 .A. After the monochromatizati,dn, the super’ -*. mirror 
polariier passes the” neutrons with .one spin direction thiough itself. &side 
the’ movable neutron guide sections there are the collimator system aild the 
Mezei type flat coil spin, -flipper -for the inversion of the orientation of 
polarized neutrons. The magnetic guide field is applied for the polarized , 
neutrons all the way from the polarizer to. the sample. Under 2 m collimation 
condition, 105 polarized neutrons/cm2/s enter the sample. In the evacuated 
scattering chamber, the position sensitive area counter with -55 x 55 cm2 
sensitive area and 0.7 x 0.7 cm2 effective pixel size can be movied from 0.7 m 
to 8 m distance from the sample. 

II-1 c -10.0 -9.0 -2 -0.5 0 0.5 1 1.5 T----- 9.5 m 

IV. RESULTS AND DISCUSSIONS 

Fig. 7 The side ,view of- SANS-1: velocity 
sklcctor VS; pohrizcr P; spin flipper SF; 
clcclromagnct EM; &se ,of horizkntal 
dilution refrigerator C; microwave 
generator p W; microwave frequency 
counter F; movable area’ detector &I. The 
length L of collimation is 2.3.5.7 & 9 m. 
The sample-detector distance .is 0.7-8 m. 

Apoferritin,. whose structure was well-defined by several authors 
(Stuhrmann et al., 1976), has been used as a standard sample to demonstrate 
the superiority, of spin contrast ‘variation over other methods ( Stuhrmann, 
1989). The polarized neutron scatteiing profiles at several proton 
polarizations are shown in Fig. 8. The scattering intensity of the apoferritin 
sample is minimized near PH = 0.6, so-called at contrast matching point of 
apoferritin. According to the scheme in the preceding sections, each of the 
basic scattering functions is obtained as shown in Fig. 9. As those profiles 
coincide with one another, we can confirm that the homogeneous proton spin 
polarization has proceeded in fact. This result is, very important for the 
feasibility of spin contrast variation in macromolecular research. 

Using the same sample selective depolarization of protons and deuteron 
were. carried out. The depolarization process was -monitored by polarized 
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neutron scattering. The process of proton- spin depolarization by RF 
irradiation VH = 106.5 MHz for 8 min. is shown in Fig. 10, which is explained 
by the change of spin-dependent scattering density pv (see in the figure 
caption). The experiments of the deuteron spin saturation with three 
samples: the preceding apoferritin solution, a 3 wt% bovine serum albumin 
solution and pure solvent (water glycerol mixture including 5 wt% H20), 
were also done at 300 mK to measure the proton- deuteron thermal mixing 
time ZHD. THD depending on the proton concentration were 20 h, 50 h and 
250 h for those samples, respectively. 

The experiment of deuterated large ribosomal subunit was the first one in 

a series of the planned studies. In Fig. 10 three basic scattering functions are 

all different, in contrast to Fig. 9. This result is reasonable. Because large 

0 PO5 PI 

Q (A-‘) - 

/ ’ I 

------ ------- ___~.,~.___.~_______ 

*.- 20 /.... 

* 
a 
a 

- 100 - 

-zoo- 

-300 

aoi om PO, OcJj 

Fig. 8 (on the left side) 
Polarized netron 
scattering I (Q) of 
apoferritin. Contrast 
minimum is at P=O.6. 

Fig. 9 (on the right side) 
The basic scattering 
functions of apoferritin: 
I,(Q)o ; I&Q) o 3,(Q). . 

Fig. 10 Proton 
depolarization 
mcasurcment of 
apoferritin. The sign 
of Iuv at each Gmc is 
determined by the 
contrasts pu and ij “: 
at 10 and t2,( P‘u < 0, P' v 
> 0 ); at tl, ( & < 0. ij v c 
0 ). The insert shows 
rhe Iuv at 17’ and 30’. 

3: 

t (min) ! 
t2 

Q (i-1) - 

Qos Ql 
Q (k’) - 

Fig. 11 The basic scattering 
functions of deuterated 
ribosomal subunit: .1”(Q) o ;. 
Iuv(Q) 0 ;Iv(Q) 0. 
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ribosomal subunit consists of two different species, i.e., ‘protein and rRNA, the I 

difference of the density of protons between these species results in unequal 
basic scattering function. More detailed results and discussions including 
these results will be done in another report (Knop et al.). 
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Abstract 

The presence of residual stress in engineering components can affect their mechanical properties 
and structural integrity. Neutron diffraction is the only measuring technique which can provide 
spatially resolved non-destructive strain measurements in the interior of a component. By 
recording the change in the inter-planar spacings elastic strains can be measured for individual 
lattice reflections. Also on a pulsed source, where all lattice reflections are recorded, profile 
refinement is an option which allows the strain to be obtained from changes in the lattice 
parameter. Measurements made at LANSCE demonstrate the potential for stress measurements 
on a pulsed source and indicate the advantages and disadvantages over measurements made on a 
reactor. 

Introduction 

Measurements of macroscopic residual stress in engineering components were first made in the early 
eighties on reactor sources (refs. 1,2). However it is only recently that pulsed sources like ISIS and 
LANSCE have produced sufficient neutron intensities to make measurements in components which 
may involve neutron path lengths in a specimen. of several centimeters. Engineering strain 
measurements necessitate positioning of samples to accuracies of 0. lmm relative to precisely defined 
neutron beams. Different positions are examined by translating the specimen through a defined volume. 
The strain in different directions is measured by reorienting the specimen with respect to the detectors. 
Thus the main requirements are a multi-axis manipulation system and precise, repeatable collimation of 
both the incident and exit beams. On the NPD at LANSCE or POLARIS at ISIS the collimation and 
manipulators must be placed in a sample can of diameter less than lm which limits the range of travel 
available and complicates the positioning of specimens. The approach taken on the NPD at LANSCE is 
to independently mount both the apertures and translators on a frame which can be placed precisely in 
the sample can using cone locators. This has proved effective since the specimens can accurately be 
aligned optically prior to insertion of the apparatus into the vacuum can. 

Definition of a sampling volume 

On most neutron powder diffractometers or spectrometers the incident beam cross section is several 
cm*. However stress fields near crack tips or due to severe processing may vary over distances 
comparable to a millimeter. Thus the sampling volumes required for strain examination by neutron 
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diffraction are typically between 10 and 6Omms. Definition of a sampling volume is achieved by 
masking the incident and diffracted neutron beams-to produce a single intersection from which neutrons 
can reach the detectors. The optimal scattering angle is 90” since this gives the best spatial resolution in 
the specimens. J’ 

The manipulation system which has been developed for use on the NPD (neutron powder 
diffractometer) at LANSCE provides 360’ rotation about a vertical axis, XY horizontal travel of 35cm 
and a vertical range of 45cm . It can carry componentsup to-5Okg. The NPD has four detector banks 
at &90° and f148’ which potentially offer four simultaneous strain’measurements during each 
measurement. However at :this time exit collimation has-only been installed on the 90” banks. The 
collimating apertures are supported from optical benches and may bs movedon radii from the centre of 
the sample can. Positional adjustment is achieved using microcontrol manual adjusters. The masks 
were machined from commercially obtained boron. nitride-(cost -$IOOOUSjlO~m* at 1.3cm thick). 
Boron is used as the active component for collimationon pulsed sources since (unlike cadmium) it 
remains opaque to neutrons with wavelengths less than 0.5 A. Boron nitride proved to be easy to 
machine and a variety of precise aperture shapes were fabricated. 

The NPD lies 32m from a tungsten target and the divergence of the incident beam at the sample position 
is small. Consequently the distance between the incident aperture and the specimen is not critical to the 
definition of a sampling volume. The defocussing at the sample position due to the inherent beam 
divergence for a 2mm square placed 50mm from the specimen is only -0.2mm in each dimension. 
Collimation of the diffracted beams is more sensitive to the position of the exit aperture (more so than 
on a reactor source) because there is no, inherent collimation between the sample ,position and the 
detectors. Consequently the spatial resolution along the .incident beam decreases with- increasing 
distance of the exit aperture from the incident beam. The time of flight operation of a pulsed source 
means that to make measurements in acceptable times care must be taken not to achieve exit collimation 
at the expense of obscuring too large a solid angle of the detectors. ,- .,. ,. 

By assuming sharp cut-offs at the edges of the exit slits the angle of the-90” detector ‘visible at different 
positions along the incident beam can be evaluated. The parameters which, can be altered for the exit 
apertures are their width (d), thickness (t) and distance (l) from the specimen (fig 1). Many specimens 
possess plate geometries which are placed at 45’ to the incident beam for simultaneous in-plane and 
normal strain measurements using the 90” detectors. Some apertures have been fabricated with slits at 
45” to the surface. This permits the aperture to be placed adjacent to the specimen surface (i.e. closer to 
the incident beam than a flat aperture) which improves the resolution along the incident beam. This is 
illustrated in figure 2. ..’ 

Calibration measurements were made by translating a vertical.4mm,&meter steel pin through the 
sampling volume defined for different aperture sizes and positions, The diffracted intensity was noted 
as the pin was moved parallel and normal to the incident beam. The dimensions of the sampling volume 
normal to the incident beam direction-showed sharp cut-offs indicating~that it could be treated as parallel 
sided. Scans parallel. to the incident beam demonstrated the ‘sensitivity of the resolution along’ the 
incident beam path to the position of the exit aperture. It,:was shown that the resolution could be 
calculated for different exit mask arrangements from geometric. considerations. 

: 1. “’ 

‘. ,..’ 
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Figure 1: Shows the spatial resolution (s) along the beam path (not 
including the finite angle subtended by the detectors). 

Figure 2 : Comparison of the spatial resolution for the normal and 45’ exit apertures. 
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Data anhlysis 

Measurement of grain interaction stresses: has already been performed on pulsed sources .(ref 3) 
however the measurements made at LANSCE represent the first attempt t0 define small,gauge volumes 
within components to investigate the variation of macroscopic residual stress variations through a 
component. Consequently there is uncertainty concerning minimum count times to obtain specified 
strain accuracies for different materials, specimen geometries and aperture geometries.. Measurements 
performed at ISIS on a thin autofrettaged ring (with no exit collimation) demonstrated that profile 
refinement of spectra obtained from different regions in a component permits the strain to be obtained 
from changes in the lattice parameter (ref 4). This is important since count times for each measurement 
may be reduced if the strain is obtained from the lattice parameter instead of from individual lattice 
reflections. This approach is attractive from an engineering standpoint since it averages any anisotmpic 
variations due to differences in elastic compliance offering a strain value -which might+ in-the absence of 
preferred orientation, be assumed to represent a bulk average. If detailed information concerning the 
strains for grains in specific orientations is required then count times must be increased in order to 
obtain adequate statistical accuracy for individual peak fits. 

The two 90’ detectors on NPD at LANS&each consist.of sixteen 3He tubes which subtend an angle 
of 1 lo at the sample position. Each individtial tube collects a spectrum corresponding to a unique strain 
direction in the specimen. However single tubes can take many hours to provide adequate spectra 
which is unacceptably long. Consequently all the detectors in each 90” bank are added together giving a 
combined spectrum corresponding to a spread in the scattering vector (and thus of the stitin measuring 
directions ) of 5.5’ (fig 3). In addition the backscattering detectors also give an,indication concerning 
the texture of the material and stiain measurements but with poorly defined sampling volumes. 

Incident beam 
Range in’Q: 84.5”/2 to 95.5’12 = 5.5” 

W.deteotor 
-. 

Figure 3: Range in scattering vector resulting from additidri of all spectra 
obtained from 90’ detector. 
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Preliminary Results 

To evaluate the capability of making residual strain measurements with restricted sampling volumes, in 
collaboration with Tom Holden of AECL, we examined a deformed stainless steel ring which has been 
modelled by detailed finite element calculations and has been previously studied at Chalk River National 
Laboratory, Canada (ref 5). The ring is approximately 76mm ID, 127mm OD, and 13mm thick and 
was compressed along a diameter; Our measurements were along a radius in a section of the ring at 90 
degrees from the applied stress point. Using a sampling volume of 40 mm3 witha beam current of 
-75uA two strain directions were measured at each position every 4 hours. The accuracy,for strong 
reflections was ct80ustrain. Three strain components, tangential, radial and axial were- measured on 
the 90” detectors by using b&o orientations of the ring. Figure 4 shows the tangential strain data 
available from many of the reflections observed. The trend in the strain is evident in all reflections and 
these data agree with the (111) and (200) reflections measured at Chalk River and the calculations. 
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Figure 4: Tangential strain measurements for selected (hkl) reflections. 

An advantage of a pulsed source is that strain information can be obtained for all lattice reflections in 
each measurement. The anisotropic strain response is illustrated in figure 5. The strains at a single 
measuring position are plotted for each reflection against the.anisotropy factor AM (= [h*k* + k*l* 
+l*h*]/[h* +k* +I*] ). In principle the relationship between the strain and A,, is given by ~~~ = 

o[S,r-2SAhkl], where S = Srl-St2-S44/2 (ref 2). Using the single crystal compliance values, the slope 
and. intercept give an estimate of the elastic stress in the material. Deviations from the elastic model or 
the inappropriateness of using the single crystal compliances will appear as inconsistencies in stress 
computed from the different strain components 

Other samples examined include whisker and particulate reinforced Al-Sic composites, multipass 
welds, and a compacted powder. The AI-Sic metal-matrix composite specimens did not require a small 
sample volume because the strains of interest were assumed to be uniform throughout the samples. 
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Uniaxial tension or compression specimens were deformed to differing. levels of plastic deformation 
and then released, The residual strain states of the two components in the composites were then 
examined. Neutron diffraction is a’ valuable tool for studies of this nature because the matrix and 
reinforcement can be examined simultaneously and non-destructively. This basic study. of the 
composite response to stress. was complimented by the examination of a composite automobile 
component. 
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Figure 5: Anisotropic strain for selected (hkl) reflections at 13mm from the ring ID. 

The multipass welds were in 2.5 cm thick stainless plates (30cm x 3&m). They represented a severe 
test concerning the maximum path length (2.5$ cm) in steel over which the neutrons can pass while 
still giving representative strain measurements in reasonable time scales. The weld was scanned from 
the top surface to the bottom of the weld vee using an extended sampling volume to take advantage of 
the symmetry along the weld direction. Data, were taken to evaluate the nature of residual strain 
developed by different weld methods. In compacted metal powders, the integrity of the part is strongly 
affected by the residual strains from processing. We began a basic study of the strains in a cylindrical 
ejected compacted powder sample, looking at the strains through a diameter and in the comer of the 
specimen. Results will help improve models of the strain state. 

Conclusions 

A manipulation and collimation system has been installed on the NPD at LANSCE. Components up to 
50kg can be moved within the confines of the sample tank. Sampling volumes as small as 10mm3 have 
been achieved for thin flat samples. However for complicated specimen geometries unless the exit 
collimation can be placed within 30mm of the incident beam it is impossible to define small (c20mm3) 
sampling volumes and make individual strain measurements in less than a day. 
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Although collimation has only been installed on the &90” detectors strains are recorded on all 
detectors, and “bonus information” is collected in the backscattered directions. Using the two 90” 
banks two strain measurements (normal to each other) with well defined sampling volumes are obtained 
in each measurement. Consequently when measuring triaxial stress distributions there may be 
duplication of measurement in one direction which provides a check and calibration of the experiment. 

The presence of all the lattice reflections in each spectrum provides information concerning the overall 
stress state of the material at a granular level. This is important in understanding grain interaction 
stresses, slip processes in polycrystals and will help to calibrate measurements on reactor sources where 
strains are usually inferred from only one or two Bragg reflections. 
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